Final Re:ég)rt to NASA Johnson S
er NASA Grant No. NAG

ARCHITEC'};‘}JRAL STUDY OF THE
OPERATIOﬁOF ADVANCED FORCE

Whee-kuk Kim

- Research Assistant

Department of Mechanical Enginee
[f;iversity of Texas at Aust i
Austin, Texas 78712

(512) 471-3039

January 1990







Final Report to NASA Johnson Space Center
under NASA Grant No. NAG 9-320
for period 11/1/88 - 1/31/90

ARCHITECTURAL STUDY OF THE DESIGN AND
OPERATION OF ADVANCED FORCE FEEDBACK
MANUAL CONTROLLERS

Dr. Delbert Tesar

Carol Crckrell Curran Chair in Engineering

Whee-kuk Kim

Research Assistant

Department of Mechanical Engineering
University of Texas at Austin
Austin, Texas 78712
(512) 471-3039

January 1990






ACKNOWLEDGEMENTS

This work was partially supported by the NASA Johnson Space Center (Grant
No. NAG 9-320), and the U.S. Department of Energy (Grant No. DOE-FG02-

86NE37966). The authors gratefully acknowledge their support.

il






ABSTRACT

A teleoperator system consists of a manual controller, control hard-
ware/software, and a remote manipulator. It has been employed in either haz-
ardous or unstructured, and/or remote environments (space applications, under-
sea operations, mining, nuclear reactor maintenance, etc.). In teleoperation, the
“man-in-the-loop” is the central concept that brings human intelligence to the
teleoperator system. When teleoperation involves contact with an uncertain
environment, providing the feeling of “telepresence” to the human operator is
one of desired characteristics of the teleoperator system. Unfortunately, most
available manual controllers in bilateral or force-reflecting teleoperator systems
can be characterized by their bulky size, high costs, or lack of smoothness and
transparency, and elementary architectures.

To investigate other alternatives, a force-reflecting, 3 degree of freedom
(dof) spherical manual controller is designed, analyzed, and implemented as a
test bed demonstration in this research effort. To achieve an improved level of
design to meet criteria such as compactness, portability (light weight), and a
somewhat enhanced force-reflecting capability, the demonstration manual con-
troller employs high gear-ratio reducers. To reduce the effects of the inertia and
friction on the system, various force control strategies are applied and their per-
formance investigated. The spherical manual controller uses a parallel geometry
to minimize inertial ana gravitational effects on its primary task of transparent
information transfer.

As an alternative to the spherical 3-dof manual controller, a new con-
ceptual hybrid (or parallel) spherical 3-dof module is introduced with a full

kinematic analysis. Also, the resulting kinematic properties are compared to
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those of other typical spherical 3-dof systems. The conceptual design of a par-
allel 6-dof manual controller and its kinematic analysis is presented. This 6-dof
manual controller is similar to the Stewart Platform with the actuators located
on the base to minimize the dynamic effects. Finally, a combination of the
new 3-dof and 6-dof concepts is presented as a feasible test-bed for enhanced

performance in a 9-dof system.
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CHAPTER 1

Introduction

A human’s continuous desire to extend his/her vulnerable physical ca-
pabilities has been shown in the development of various mechanisms such as the
automobile, the space shuttle, robots, etc. As machines become more complex
and increasingly self-contained in decision-making capability, the temptation is
to assume that they are autonomous.

In fact, what we can surely suggest is that human intervention will be
less frequent but, when it is required, it will occur at a higher level and therefore
require a better interface (visual, kinesthetic, voice-activated, etc.). Currently,
only simple, repetitive tasks can be performed autonomously, without human
intervention; almost all unstructured, unpredictable and complex tasks require
some human guidance and intelligence. Hence, as system technology develops,
there will be a greater need for man-machine interfaces-not less. The man-
machine interface has been developed as a natural step in the evolution towards
autonomous systems.

The “man-in-the-loop” is the central concept of teleoperation. The
essential role of the teleoperation is to increase the level of “telepresence” to the
point where the human operator perceives the artificial interface environment as

if it were the real environment; a “transparent” interface must exist to maximize



humans’ limited sensing and communicative capabilities.

1-1 Teleoperator systems

A teleoperator system consists of a manual controller, control hard-
ware/software, and a remote manipulator. In teleoperation, interactions among
a human operator, a teleoperator system, and the task environment are involved.
The main function of the teleoperator system is to assist the human operator
in performing complex, uncertain tasks in hostile/remote environments (under-
sea, space, nuclear reactors, mining, etc.). The schematic information flow of

teleoperator systems can be described as in Figure 1-1.

Man-Machine .
Manual Controller Interface System Remote Manipulator
System System
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Perception Intelligence
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Software

Manual Controller Control Manipulator
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Figure 1-1 INFORMATION FLOW FOR TELEOPERATOR SYSTEMS

In teleoperation, while a human can provide intelligence for the system,

the relatively limited capabilities of his/her input-output channels represent the



“bottleneck” of the whole process in Figure 1-2 (adapted from [88]). Human
input can be aural, visual, tactile, kinesthetic, olfactory, or gustatory (sense of
taste) and human output can be either muscular or vocal. Muscular output
can be categorized as locomotional, as in applying force to a manual controller;
electrical, as measured by a myoelectric electrode; or positional, as in the mo-
tion tracking of an eyeball. Among those human input-output channels; visual,
tactile and kinesthetic channels (for input), and muscular channels (for output)

are extensively utilized in typical teleoperation (physical manipulation).

To fully utilize these limited input-output channels of a human operator
or to enhance the performance of teleoperator systems, these systems must be
designed, integrated and controlled properly to provide a realistic feeling of
“telepresence” to a human operator.

More specifically, in the design and control of the teleoperator system,
the manual controller, the remote manipulator and their control strategies must
have characteristics which are suitable to their allocated tasks: human factors
and task parameters. Only the most useful sensory information such as reflecting
forces, visual information, etc., needs to be provided as long as it does not con-
fuse and distract the operator. Note, however, that when teleoperation involves
contact with an unknown environment, a more realistic feel can be provided
back to the human operator by directly reflecting the contact force information
on the manual controller through its actuators than that limited awareness that
can be provided by visual feedback information displayed on a screen. Also
machine intelligence must be included to aid the operator in performing tasks
effectively if it can be done reliably. Machine intelligence can be included in

various forms as described by Sheridan and Verplank(82];
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o Eztend: the system’s capabilities are extended by using the computational
base in concert with the operator (such as filtering to remove the undesired
jitters and jerks, accomodation to reduce the undesired excessive contact

forces, etc).

o Relieve: the machine intelligence can be used to autonomously perform

functions which would otherwise distract the attention of the operator.

e Back up: operator misconceptions can be corrected by the machine intel-

ligence.

o Replace: repetitive tasks can be autonomously performed in order to al-

leviate the operator’s mental and physical fatigue.

As mentioned previously, achieving the feel of “telepresence” is re-
garded as one of the desired characteristics of the teleoperator system to en-
hance its performance. Ideally, it could be achieved if either the bilateral or
the force-reflecting teleoperator system has no time lag or dynamics between
equivalent position and force parameters in the manual controller and the re-
mote manipulator. In other words, the system should behave like two massless
systems connected by aa infinitely stiff (rigid) mechanical linkage [38). In prac-
tical implementation, however, achieving that ideal behavior is very difficult due
to the following limitions: inaccurate system models, nonlinearities (i.e., back-
lash, friction), communication lag, sensor noise and finite resolution, non-rigid
structures, finite actuator power output, etc.

In this work, the design and control of the teleoperator system consist-
ing of only the kinesthetic information transfer will be studied. No other effects

of sensory feedback information such as visual and vocal will be discussed.



1-2 Objectives of the current research

One of desired objectives in teleoperator systems is to establish a trans-
parent, universal interface between and man and machine. However, most avail-
able manual controllers in bilateral or force-reflecting teleoperator systems can
be characterized by their bulky size, high costs, or lack of smoothness and trans-
parency, and elementary architecture. The objective of this work is to investigate
on the alternative design and control of compact, light-weight manual controllers
with a somewhat improved force-reflecting capability.

In this work, the design and control of a low-cost, universal bilateral
portable manual controller and the value of parallel geometry in a manual con-
troller is investigated via actual implementation and demonstration.

To meet or support desired design criteria (i.e., compactness, light-
weight, and portability), various force control strategies are investigated for a
force- controlled force-reflecting manual controller application through a proof-
of-principle one-dof force-reflecting manual controller system which employs a
high gear-ratio reducer. Then a force-controlled parallel spherical force-reflecting
3-dof system (called shoulder) is implemented as a demonstration test-bed.

As another alternative for the design of the manual controller, a concep-
tual 3- dof spherical gimbal module is introduced and analyzed. For comparative
purposes, the geometric properties of three different spherical system (i.e., serial
structure, hybrid structure, and parallel structure) are investigated. Also for
the design of general 6-dof force-reflecting manual controllers, various parallel
Stewart Platforms are conceptualized. Kinematic analysis for one of concep-
tual 6-dof manual controllers, a three-legged Stewart Platform which uses the

conceptual gimbal modules as its 2-dof actuator modules, is presented and the



framework for investigating its geometric properties is presented with the pre-
liminary results.

The contents of each chapter are summarized as follows:

In chapter 1, the concept of teleoperator systems is described first.
Then the scope of this work is outlined.

In chapter 2, recent developments on bilateral or force-reflecting control
strategies are reviewed in detail, including various force control strategies and
their stability issues. The design and control aspects in teleoperator systems are
presented.

In chapter 3, the general background on teleoperator systems is pro-
vided. The historical review on implementations of the teleoperator systems
is presented first. The currently available control strategies and software func-
tions for teleoperator system are briefly reviewed. Also classifications of the
manual controller and the major teleoperator system evaluation techniques are
also briefly described. Finally, various manual controllers are compared for their
performance properties.

In chaper 4, the kinematic analysis for the parallel spherical 3-dof sys-
tem(called shoulder) is presented. It includes reverse position analysis and for-
ward position analysis. The first-order kinematic influence coefficient(KIC) are
found using the methods of transfer of generalized coordinates[31)[32]. Then the
design methods using the first-order kinematic influence coefficient formulation
are presented.

In chapter 5, force control strategies for a manual controller applica-
tion are investigated via a one-dof system implementation. A linear model of
a one-dof system is derived and analyzed to examine the effects of the system

parameters in force control on the stability of the system. In acutal implemen-



tation, two different non-collocated force sensing methods (digital F/T sensor
mounted on the wrist and analog strain gauge attached on the shaft of the gear
reducers) are applied and their results are discussed. Then the actual hardware
implementations for a parallel spherical 3-dof manual controller is presented. To
reduce the inertia and friction of the system, this module employs the simple
force control strategy using wrist F/T sensor. Summaries on the system hard-
ware, control software, the F/T sensor interfacing, and design of the encoder’s
counter circuits, etc., are given.

In chapter 6, a new conceptual spherical 3-dof gimbal module is intro-
duced and its kinematic analysis is presented. Then, kinematic characteristics
are investigated via the first-order KIC’s and compared to equivalent spherical
systems with either the serial structure or the parallel structure.

In chapter 7, various 6-dof manual controllers with parallel structure
are investigated. A parallel force-reflecting 9-string 6-dof manual controller is
described briefly first. This system has been implemented by the University
of Texas Robotics Research Group and interfaced with the Cincinnati Milacron
T3 726 industrial robot. Then various conceptual manual controllers with paral-
lel structure, which basically utilize the Stewart platform structure and modified
parallel 2-dof conceptual gimbals, are introduced. In particular, a parallel 6-dof
Stewart Platform with 3 legs seems to satisfy most desired design criteria such
as compactness, light-weight, etc. Its kinematic analysis is presented.

In chapter 8, conclusions, recommendations and future work on the

design and control of the manual controller are discussed.



CHAPTER 2

Issues in Current Control and Design of Teleoperator Systems

2-1 Current issues on control strategies of teleoperator systems

The development of control strategies for teleoperator systems has been
relatively slow, limiting the number of strategies currently available. Actually,
there have been no major advancements since 1948, when Goertz mechanically
implemented a bilateral control strategy. Bejczy et al. generalized the direct
joint-to-joint force-reflecting control by utilizing control variables with respect to
the universal hand frane via appropriate kinematic transformations[10]. Bilat-
eral control or force-reflecting control, in which the master controller is electroni-
cally coupled to the slave manipulator, is still the state-of-the-art in teleoperator
system control. Most of the bilateral control and the force-reflecting control in
use utilize the servo feedback control which neglects the effects of system dynam-
ics completely. These neglected dynamics due to inertia, varying load, nonlinear
friction, backlash, etc., decrease the performance of teleoperation systems.

Miyazaki et. al. recently proposed the bilateral servo controller and the
hybrid controller for a master-slave teleoperator system based on the Liapunov
stability theory[71]. Their hybrid control scheme uses sensory information to

guide and/or modify the human operator’s command, noting that most of the
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current motion-based bilateral control schemes completely depend on the op-
erator’s performance. Furuta et. al. proposed the Variable Internal Model
Following control scheme which forces teleoperator systems to follow a refer-
ence model which accepts both the operator’s input force and the contact force
as a command force to the teleoperator system[34]. In their control scheme, a
reference model describes a relation between the motion of a master and that
of a slave. Fong et al. used local microprocessors in teleoperation either to
expedite real time operation by avoiding unnecessary time-lags or to utilize
semi-autonomous control, which uses sensory information to modify its motion
autonomously when it is necessary (concept of “smart” end effectors, etc.)[30].

Those above mentioned control strategies do not take into account dy-
namic interactions among the teleoperator, human operator and task environ-
ment. However, for the human dynamic models, a tremendous effort was made
to understand the adaptive, versatile capabilities of humans[57]{106]. Most of
the early research focused on a pilot’s behavior in aircraft control systems. It
resulted in two representative approaches toward human modeling-the algorith-
mic model and the structural model[70]. Algorithmic models attempt only to
mimic the total input-output behavior by estimating the characteristics of the
human operator. Structural models attempt to find a series of transfer functions
which describe the human system, thus accounting for many human subsystem
aspects. However, the human adaptive, versatile behavior seems extremely dif-
ficult to characterize and requires further research.

For the bilateral or force-reflecting teleoperator system, Raju et al.
presented the methodology for designing a bilateral controller using a two-port
impedance network linear model of a one-dof teleoperator system(77]. Their

primary objective is to identify the optimal port impedance relations between
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the human port and the environment port for better performance in teleoper-
ation, recognizing that the human changes his/her arm impedance consistently
to match different task requirements. Their stability analysis is based on the re-
quired specifications of -lesired port impedances. Hannaford experimented with
- the hard contact behavior of teleoperator systems using a one-dof system[39).
Later he presented the hybrid two-port representation to model the bilateral
teleoperator system and also proposed the bilateral-impedance control which
requires the estimator to identify the impedances of the human operator and
of the task environment on-line[40]. However, estimating the task impedances
is not easy and requires further investigation. The bilateral impedance-control
‘has an architecture in which a local servo loop enforces a commanded force and
impedance. However, it should be noted that these port-based linear models are
based on the linearity of the system, so it only can characterize the teleoperator
system around the operating point. For actual multi-dof teleoperator system,
these approaches need more study before actual application.

Different from other robotic system applications, teleoperator systems
contain various sources of time delay in their operations. The main source of

time delay can be described by:

o physical distance between the manual controller and the remote manipu-

lator,
e the cognitive reaction time of the human operator,
e the neuromuscular time delays and lags of the human operator,
e actuator and sensor dynamics of teleoperator systems,

e intensive computation time requirements.
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These time delays drastically deteriorate the performance of the teleoperator
system. How to minimize/reduce the effects of time delay is regarded as one of
the major problem in teleoperator system control. In bilateral or force-reflecting
control, when communication time delay is significant such as in deep-sea op-
erations or in space operations, the operator’s excessive motion command to
the remote manipulator without synchronized reflecting force information could
cause excessive contact forces on the remote manipulator and may result in the
instability of the system.

In the 1960’s, Sheridan and Ferrel showed that the most reliable solu-
tion for the time delay is to move the manual controller and wait for feedback
before taking the next step[27][81]. Vertut et al.[94] experimented with force-
reflecting systems with time delay, and found that only with the severely reduced
bandwidth of the system could a stable response be obtained, allowing veloci-
ties of only 10 emm/sec. Recently, Anderson et al. proposed a control scheme to
cope with the time delay. Their control law maintains passivities between the
master and the slave system to keep the closed loop system stable[6](8]. Chapel
viewed the force-reflecting control of the teleoperator system to be analogous
to the impedance control of the manipulator and investigated the effects of the
time delay and the gain scaling on the stability of the system of force-reflecting
control using a single-axis model[16]. He showed that by the use of local force
feedback, significant improvements to the stability of the system, could be made
compared with the conventional bilateral servo feedback controlled manipulator.
even without a precise model of the system and parameteric knowledge of the
contact environment.

Currently, most industrial manipulators use push buttons/switch boxes

to teach the manipulator paths. When the manipulator involves uncertain con-
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tact forces (deburring, etc.), a rate control® utilizing those push buttons/switch
boxes is not sufficient to meet the requirements for those tasks. Ilirzinger[43]
suggested methods using a force-torque sensor to generate either the desired
motion command or the desired force command of the manipulator. The force-
torque sensor can be mounted either on the end effector of the manipulator
or located at the remote site. The first method is similar to force control in
the sense that the human operator senses the external force and provides the
command force to the inanipulator directly. The second may be seen as rate
control in teleoperation using an isotonic (not movable) jovstick. However, it
also uses the output force of the force sensor (i.e., applied human force) to the
manipulator as a command force. These strategies could be very effective when
uncertain contacts with the environment are involved or expected. However, the
second method may lack the kinesthetic feeling for providing better telepresence
to the human operator.

In summary, the current state-of-art controls of teleoperator systems
are the bilateral control or the force-reflecting control. To increase the feeling of
“telepresence” or to enhance the performance of teleoperator systems further,
more attention have been given to the effects of the dynamic interactions of the
teleoperator system with task environments and a human operator.[77]{39][40]
However, those studies are based on the simple linear and/or one-dof model of a
teleoperator system. It requires further study for actual application. The time
delay, which is one of the most difficult problem in teleoperation, is treated by
many researchers.[6][8][16] However, their study investigate the stability prob-
lems not the performance of the teleoperator system and it also requires further

study to achieve desirable results in teleoperation.

lsee section 3.2
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2-2 Force control and its stability

Since teleoperator systems involve interactions with the human opera-
tor and the task environment, the force control strategies may need more atten-
tion and need to be better understood to enhance the performance of teleopera-
tor systems. The following will describe the typical force control strategies and
their stability issues in robotics applications. There have been many proposed
force control strategies for manipulators in the literature. A good review on

force control strategies can be found in [101]. Only a few typical force control

strategies will be discussed.

—»Q—» JT —{ K Arm -

! .
F/T sensor |=

Figure 2-1 EXPLICIT FORCE CONTROL (ADAPTED FROM [101])

Explicit force control in Figure 2-1 has a desired force input and directly
utilize the sensed forces to generate the control action[101]. In this control, a
desired force is commanded, rather than position or velocity, and the control

structure is similar to the proportional motion controller.
In most industrial manipulators, however, they are commanded along
some nominal motion trajectory and are based on the servo-control. Therefore,

most force control strategies utilize the force feedback information to modify
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the nominal motion trajectory as shown in Figure 2-2. Stiffness control, Damp-
ing control, and Impedance control, use sensed forces to modify the nominal
trajectory by regulating the behavior of the end effector of the manipulator in
specified ways; stiffness, damping, or impedance, respectively[45][46][47]{80][99].
These classifications are primarily based on how to interpret the force feedback
data in the feedback loops as can be seen in Figure 2-2.

For controlling the stiffness of the end effector of the system, two intrin-
sically different approaches have been suggested. A Remote Center Compliance
(RCC) device[102] is attached at the end effector of the manipulator and pas-
sively provides the required compliance (i.e, through elastic deformation of the
device). The active stiffness control in Figure 2-3 utilizes the force feedback
information to modify the motion command to actively generate the desired
stiffness effects at the end effector of the manipulator by specifying and multi-
plying the compliance matrix, K, to the sensed forces, F, accordingly. Note
that in Figures, K, and K,, represents the position gain and velocity gain ma-
trices, respectively and that J represents the Jacobian matrix.

Similar to the stiffness control, the damping control shown in Figure
2-4 uses the sensed force feedback data to modify the nominal velocity command
to generate the equivalent damping effect to the system.

The impedance control in Figure 2-5 can be regarded as a generaliza-
tion of various force control strategies (i.e., the stiffness control, damping control,
and force control). It actively regulates the end effector dynamic behavior of the
manipulator to external forces. The differential equation representing a linear
second order system (i.e., mass-damper-spring system) is generally used as a
target impedance of the end effector of the controlled manipulator[98]{99]{100].

In the literature, most proposed impedance controllers assume the decoupling
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and linearization of the end effector dynamics via non-linear feedback control
strategies such as computed torque control or its equvalents in operational space,
noting that the impedance of the manipulator is configuration-dependent and
highly nonlinear[6](95]. The controlled system is known to be locally stable
when the target impedance is selected properly[54](55). Anderson and Spong
used the Duality concept between Thevenin and Norton equivalents in network
theory to contend that the robot must be controlled consistently with respect to
the environment(7]. They identified the impedance control law, which insures
that the system could be controlled without steady-state errors, based on the

Duality condition .
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Figure 2-6 HYBRID CONTROL (ADAPTED FROM [101])

Hybrid control demonstrated by Raibert and Craig[76], as shown in
Figure 2-6, applies both force control and motion control into two separate
subspaces, divided by the selection matrix, [S]. The selection matrix is diagonal,
with ones or zeros corresponding to whether the subspace is to be position

controlled or force controlled, respectively. The determination of the selection
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matrix might not be easy for general task environments and it restricts the
applications of the otherwise promising hybrid control strategies within only
well structured task environments.

The force control problem of a manipulator involving contact with a stiff
environment has been extensively considered in the recent literature[4][5][24][25]
(26]. In motion control strategies based on only motion feedback data, when the
manipulator involves contact with a stiff environment, a very high gain posi-
tion feedback is required to follow the desired commanded motion trajectory.
However, due to the noise in the motion feedback data, the control action is
dominated by the noise and may result in an unstable response. For the sys-
tem with force feedback, since the force feedback represents a very high gain
position feedback, instability of the system is possible when its gain is increased
carelessly. These instabilities were observed by previous researchers[97] and can
be characterized by the end effector bouncing back and forth against a con-
tacting surface. The possible sources for those instabilities (or contact instabili-
ties), could be related to the following; environment dynamics, sensor dynamics,
nonrigid manipulator links, limited bandwidth of the actuator subsystem, im-
pact energy, nonlinear friction and backlash, etc. Eppinger and Seering used a
lumped linear system model to identify possible sources for those instabilities
when a simple proportional force control law is applied[24][25]. They showed
that in their lumped linear model, the dynamics existing between the actuator
and the force sensor is a source for instability in a simple proportional force
controlled system. An and Hollerback[5] investigated the stability issue caused
by the interaction of the dynamics of the robot with the dynamics of the en-
vironment(dynamic stability) using a direct drive arm, and suggested a control

law utilizing both wrist sensing and open-loop joint torque control to cope with
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these instabilities.

There are other types of instabilities caused by kinematic transforma-
tions in certain Cartesian-based force control implementation: kinematic insta-
bility introduced by An and Hollerback[4] and kinestetic instability described by
Lipkin and Duffy[65] in hybrid control. The kinematic instability is primarily
caused by the interaction of the inertia matrix of the robot with the inverse of
the Jacobian matrix. The kinestetic instability, referring to the instability as-
sociated with the decomposition of force and motion feedback signals to ensure
a compatible control command, requires at least three joints to occur and is
related to a problem for higher level constraint formulations. To prevent kines-
thetic instability, Lipkin and Duffy[66]) proposed one formulation of kinestetic
filtering which ensures that the decomposition of force and motion is invariant

with respect to a change of origin, basis, or scale.

2-3 Design aspects of teleoperator systems

In order to realize the optimum operation of the teleoperator system,
human dynamics, teleoperator system dynamics, the task environment and their
interactions must be well understood and taken into account. In this section,
the design aspects of t:leoperator systems are considered. There are clearly
many other design aspects of teleoperator systems to consider in addition to
those listed in Table 2-1. More detailed descriptions on those design aspects
can be found in [90].

The most important manual controller characteristics for the teleoper-
ator system could be listed as follows: universal, bilateral or force-reflecting,

magnitudes of mazimum/minimum reflecting forces, deztrous working volume



Table 2-1 DESGIN ASPECTS OF TELEOPERATOR SYSTEM

Geometric Aspects | workspace shape/size and dexterity

isometric/isotonic

mobility (degrees of freedom)

universal/non-universal

geometrical simplicity

serial/parallel/hybrid structure

modularity

redundancy (in kinematics or actuators)

Control Aspects digital/analog

unilateral /bilateral/force-reflecting control

direct joint/resolved position control

position/rate control

position/force/hybrid control (control variables)

adaptive/non-adaptive control

bilateral bandwidth and time delay

compensation capability

software backup functions (scaling, filtering, etc.)

computational load

task environments

stability

Component Aspects | sensors

type of transmission/actuator

backlash/deadband

friction/stiction

durability /reliability of hardware

hand grip/end-effector

Dynamic Aspects end effector impedance

effective inertia distribution(isotropic)

gravity compensation

compliance/rigidity

Human Factors human operator dynamics

resolution of position/reflecting force

maximum/minimum reflecting force

compactness/portability of manual controller

operator fatigue/safety

ease of operation/training

Others ease of maintenance

economics
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and position resolution, compact-size, light-weight, low friction and low effective
inertia at hand grip, adjustable effective impedance at the hand, and optimal
bilateral bandwidth of the system for time delay. For the sake of simplicity, only
these aspects will be discussed briefly.

Most bilateral teleoperator systems in use are designed to have a geo-
metric similarity between the master and the slave system. The control effort
for those systems could be simplified by direct joint-to-joint control between
the master and the slave system. The drawbacks of this type of teleoperator
system are the bulk of the master system, a fairly large working volume require-
ment, its weight, and its difficulty in portability. They could actually limit or
preclude the practical use of the system, such as in underwater submarine or
space applications. For versatile applications of the master to various remote
manipulators, it needs to be compact, light and portable while having a large
dextrous workspace that does not interrupt the continuous motion of the human
arm.

Decoupled designs of the manual controller from the remote manipula-
tor provide more flexiblity for the design of manual controllers to satisfy more of
the design criteria mentioned above. It can be achieved at the expense of a lit-
tle more sophisticated control effort (kinematical transformations are performed
with respect to the universal end effector local frames for both the manual con-
troller and the remote system). The detailed analysis on the kinematic mappings
among various coordinate frames is provided in Appendix B.

To provide task information to the human operator effectively (i.e., to
increase the level of telepresence), bilateral control or force reflecting control are
in common use. In bilateral control, reflecting force information is transferred

in the form of the sum of the position and velocity errors between the man-
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ual controller and the remote manipulator. In force-reflecting control, contact
force experienced by the remote manipulator is directly.reﬁected to the manual
controller.

The use of the force information in manipulator control has been shown
to be very effective to improve the performance of the remote manipulator es-
pecially when manipulator contact is involved with the environment. Studies of
human performance in teleoperation with and without force information shows
improvement of the task completion time by 40 to 50 percent when force infor-
mation is used[38]. Noting that the human hand is able to sense forces from
0.016 to 4.5 lby, the desired minimum/maximum reflecting forces of the manual
controller need to be selected accordingly to fully utilize the human capabilities.
However, it should be noted that the minimum/maximum reflecting-forces are
also related to magnitudes of friction and actuator limitations (for the design of
the universal force-reflecting spherical 3-dof manual controller, the continuous
maximum reflecting-forces of 5 lb; and the peak reflecting-forces of 8 to 10 by
at the handgrip are used as design goals).

To reduce the confusion or distraction of the human operator, the mag-
nitude of friction and any undesired dynamics of the manual controller should
be minimized as much as possible and compensated if they are too large.

Humans are known to have outstanding adaptability for various task
environments. Humans operators can change arm impedance depending on the
desired task characteristics. It should be noted, however, that as shown by
Hogan experimentally in his recent research, the human arm impedance can not
be adapted immediately for a changed task requirement, rather it takes 1.2 to
1.5 sec to identify the task environment and to adjust his arm impedance[48].

For more enhanced teleoperator system operations or to handle more sophisti-
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cated tasks effectively, the characteristics of the teleoperator system could be
adjusted on-line as in bilateral-impedance control suggested by Hannaford[40] or
off-line in advance[77] to augment the operator’s limited adaptation capability.
These adjustable impedance variations of the manual controller and the remote
manipulator could expand their current functional capabilities.

Due to the instability arising from the time delay, the bilateral band-
width of the system must be selected to optimize the system performance. A
number of studies have been performed on manipulation with a user variable
system time delay, where the time delay associated with the human is assumed
negligible and not consicered. According to their results, in order to achieve the
stable response of the system and a favorable task completion time, time delays
of less than 0.1 seconds should not be exceeded in the teleoperator system. In
that case, the required bandwidth of the teleoperator system is found to be
around 4.5 Hz{14]. The time delay problem is not a subject of this research.
Additional detailed studies on time delay can be found in [6][8][27][81].

Finally, the design and control characteristics of three different systems,
the industrial robots, the remote system and the manual controller system, are
compared in Table 2-2 to show their different functional/design perspectives.
It should be transparent from the table that the design and control of manual
controllers, industrial robots, and teleoperator systems require the knowledge
on their individual task requirements and specifications to optimize their func-
tions. A properly balanced design of a teleoperator system, along with advanced
computer/actuator technology and control strategies, will provide a promising

future for a teleoperation technology.
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Table 2-2 FUNCTIONAL CHARACTERISTICS OF TYPICAL INDUSTRIAL MANIPULATORS, UNI-
VERSAL BILATERAL MANUAL CONTROLLERS AND REMOTE MANIPULATORS.

Characteristic || Industrial Universal Remote

Manipulator Manual Manipulator
Controller

Functional Autonomous Manual Manual

Nature Repetitive Teleoperation Teleoperation

Environment Simple Human operator | Complex
Structured Interface Uncertain

Size Lerge Compact Small/Large

Weight Heavy Light Light/Heavy

Actuator Distributed Centralized Distributed

Location Base Mounted

Compliance Stiff Flexible Flexible

in Drive Rigid Backdrivable Backdrivable

Transmission Non-Backdrivable

Friction Large Small Small/Large

Inertia Large Small Small/Large

Load 25-200 2-20 5-200

capacity(lby)

End-Effector Specialized Joy-Stick Inter-

changeable

Control Joint Actuator End-Effector End-Effector

Variables Position Position/Force | Position/Force

Application Svructured Light Duty Unstructured
Task Task







CHAPTER 3

General Background on Teleoperator Systems

In this chapter, the general background on the teleoperator system is
described. Previous design efforts, currently available control strategies and
computer support functions are presented. Also manual controller classifica-
tions, their comparison based on performance and properties, and performance

evaluation methods are briefly presented.

3-1 Previous work on teleoperator system design

In this section, the typical design efforts for teleoperator systems are
briefly reviewed in varicus application areas.

In the late 1940’s, Ray Goertz and his group at the Argonne National
Laboratory developed the first mechanical bilateral master-slave system. The
master-slave system was developed for the remote manipulation of objects in
a highly radioactive environment (a “hot cell”)[36]. However, this mechanical
master-slave could not be controlled when the two manipulators were more than
a few feet apart, because they were physically linked. In 1954, Goertz built the
first bilateral force-reflecting servo-manipulator. This manipulator used bilateral

servo loops with low friction, high efficiency torque transmission. By 1965,

26
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Argonne National Laboratory had introduced the control concept in which the
operator used head-activated controls to move remote site TV cameras.

In 1948, General Mills introduced a simple on /off switch box controller,
which used electric motors to control the manipulator in an unilateral sense. In
1958, General Electric began developing the Handyman electrohydraulic ma-
nipulator, which included force-reflection, articulated fingers, and an exoskele-
tal master controller. However, their bulky dimensions made the Handyman
impractical[72].

The hazardous environments encountered in space exploration forced
NASA to develop advanced teleoperator systems. During the 1970’s NASA
used such systems to control the soil samplers sent to the Moon and Mars, and
began developing the Remote Manipulator System ( RMS) for the space shuttle.
The RMS teleoperator system used two 3-dof hand controllers, the left hand
controller for controlling translational motion of the end effector of the RMS
and the right hand for controlling rotational motion[78]. The system primarily
uses resolved unilateral rate control, but an emergency backup mode is included
to allow for direct manual control of the individual joints. In the future, NASA
plans to use teleoperator systems in the assembly and routine maintenance of
the space station|[2].

Also during the 1970’s, the nuclear community began serious efforts
to develop teleoperator systems for use in the maintenance of nuclear power
plants. In 1977, Teleoperator System Corporation produced the SM-229, a
bilateral force-reflecting master/slave manipulator designed for use in nuclear
plants|29].

Draper Laboratory at MIT has developed an isometric hand controller

which implements resolved motion rate control (introduced by Whitney at MIT)
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(98]. While this controller exhibits a very compact design, its limited motion
range makes force-reflection and kinesthetic feedback very difficult. In 1985,
Landsberger and Sheridan developed a parallel-link arm using cables in tension
and a single passive compressive spine. The system can use both resolved motion
control and rate control[60)].

Artificial Intelligence (Al) concepts were introduced with the develop-
ment of microcomputer technology. As a result, “supervisory” and “universal”
control concepts have been introduced to teleoperator systems. In 1980, Brooks
at MIT first demonstrated supervisory control concepts in hardware[11]. Su-
pervisory control can be seen in modern aircraft, chemical plants, steel mills,
discrete part manufacturing, and many other applications.

In the early 1980’s, Oak Ridge National Laboratory (ORNL) began
developing a series of master-slave teleoperator systems for nuclear plant main-
tenance operations; the Model M-2 Maintenance System and the Advanced Ser-
vomanipulator (ASM) system[42][59][69]. The Model M-2 Maintenance System
uses two force-reflecting master controllers for two servomanipulator arms, tele-
vision viewing, lighting, etc. The ASM uses a pair of modular-based bilateral
force-reflecting master-slave controllers to increase the reliability of the system.
However, the large size and anthropomorphic (elbow-down) geometry of the
system restricts its applications.

Since the late 1970’s and early 1980’s, universal concepts for tele-
operator systems have been developed and refined mainly by Hill and Salis-
bury at Stanford Research Iustitute (SRI), Bejczy at Jet Propulsion Labora-
tory (JPL)[43], and Tesar at the Center for Intelligent Machines and Robotics
(CIMAR) at the University of Florida and after 1985, at the University of Texas

at Austin.
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In 1980, JPL and SRI developed a universal, bilateral force-reflecting
6-dof manual controller [10]. The geometry of the controller was chosen to sim-
plify the computational burden. A counter-balancing mechanism was included
to minimize gravitational effects. The design effort was directed towards reduc-
ing friction, backlash and effective inertia at the handgrip. It is designed to
generate 35 oz of force and 70 oz-in of torque at the handgrip with a 12 inch
cube workspace. It used the cable/pulley-based counter-balancing and power
transmitting mechanism.

In the late 1970’s, Tesar at CIMAR developed a unilateral/universal
6-dof nine-string manual controller [64] and a bilateral force-reflecting 4-dof pla-
nar controller(13}[95]. The nine-string controller has almost negligible effective
inertia, while maintaining a reasonable workspace size. It was also an attempt to
apply parallel geometry on a manual controller design. The 4-dof controller was
developed to evaluate the applicability of both force reflection and redundancy
to the manual controller design.

Since 1985, Tesar at the University of Texas developed two force-
reflecting manual controllers; a 3-dof 3-string manual controller and a 6-dof
9-string manual controller[3](63)[90]. Both manual controllers utilize paralle] ge-
ometry and showed negligible effective inertia due to its actuator locations on
the fixed base. Both controllers were interfaced with the Cincinnati Milacron
T3 — 726 Industrial Robot and showed successful performance.

Currently, teleoperator systems are in use in several areas (nuclear,
space, military, mining, etc.). In the nuclear industry, teleoperators are used
in equipment maintenance and material handling operations in radioactive en-
vironments. Various branches of the U.S military are involved in teleoperator

system design. The Navy has developed and applied Remotely Operatied Vehi-



30

cles (ROV) for underwater operations. The Army is developing a teleoperator
system for material handling applications. And for decades, the Air Force has
been applying manual controller (joystick) concepts for aircraft control.

A handful of industrial companies (Kraft Telerobotics Inc., etc.) are
marketing complete force-reflecting systems, which are used in hazardous en-
vironments (i.e., under-sea opeations). In 1983, Odetics developed a tetherless
electromechanical walking machine with a lift-to-weight ratio greater than one
[91]. Several foreign countries have also been developing teleoperator systems
(the MF3 manipulator vechicle in West Germany, the ME-23 servomanipula-
tor in France, MASCOT in Italy, BILARM-83A in Japan, the RMS arm in
Canada, etc.) [15][59]. The success of these operations ensures the continued

development and application of industrial teleoperator systems.

3-2 Classification of previous control strategies for teleoperator sys-

tems

In this section, the various classical control strategies for teleoperator
systems are briefly explained. The fundamental control strategies for teleoper-

ator systems may be divided into three categories:
o The controlled parameters of the manipulator (position, rate, force).

¢ Type of output space of the manipulator: direct (control of joint angles)

or resolved (control in operational space).

o The direction of information flow (unilateral or bilateral)!

!Bilateral controllers both provide output and receive feedback(position or velocity) from
the manipulator; unilateral controllers only provide output to the manipulator.
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The typical control strategies which were in popular use are briefly described in
the following[12].

Direct Rate Control (DRC): The velocity of each manipulator joint is directly
controlled by an individual manual controller output. The operator can adjust
the proportional gains or the manipulator-joint-velocity/controller-output ratio.
The simple button box controller uses this control mode.

Resolved Rate Control (RRC): The velocity of each degree of freedom in task
coordinates? is controlled by an individual manual controller output.

Direct Unilateral Position Control (DUPC): The position of each manipulator
joint is directly controlled by an individual manual controller output. There
1s no manipulator information feedback (joint position, velocity) to the manual
controller (human operator). It is implicitly assumed that the manipulator dy-
namics are fast enough to follow the controller input; otherwise, the performance
of the system may be deteriorated.

Resolved Unilateral Position Control (RUPC): The position of each manipula-
tor degree of freedom in task coordinates is controlled by an individual manual
controller output.

Direct Bilateral Position Control (DBPC): Same as DUPC above, except that
position feedback from the manipulator joints can be used to synchronize the
motion of the manipulator and the manual controller. This position feedback
from the manipulator joints indirectly transfer the contact force information to
the manual controller. To improve synchronization, the manual controller joint

velocities can be fed forward to the manipulator joint servos, while the manip-

*Task coordinates(or wo:ld coordinates) are attached to the control point of the manipu-
lator (usually the tool point or the center of the end effector) and/or the manual controller
(usually the center of the hand grip). Task coordinates usually coincide with Cartesian coor-
dinates, which feels natural to human operators.
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ulator joint velocities are fed forward to the manual controller servos as shown
in Figure 3-1. This bi-directional error signal results in force-reflection to the
manual controller and the manipulator. The DBPC control mode is most com-
monly used in master-slave teleoperator systems.

Resolved Bilateral Position Control (RBPC): The same as RUPC above, except
that position feedback from the manipulator joints can be used to synchronize
the motion of the manipulator and the manual controller. This position feedback
from the manipulator joints indirectly transfer the contact force information to
the manual controller. When a universal manual controller is used in this control
mode, the joint displacements and velocities of the controller are combined and
resolved to create task coordinate displacements and velocities. The controller
coordinates and variables (position and velocity) are thus resolved into manip-
ulator task coordinates and variables. As in DBPC, the manual controller and
manipulator joint velocities can be fedforward to each other to initiate force re-
flection. This type of control comes at a cost, due to the computational burden
of converting between coordinate systems. However, most additional control
functions (direct scaling of position, velocity, and force in task coordinates, re-
referencing, etc.) are available in this mode.

Direct Force-Reflecting Control(DFRC): This control can be applied to only
the master-slave teleoperator system. As shown in Figure 3-2, the position of
the manipulator is controlled by the output position of the manual controller.
Any external forces felt on the manipulator will be reflected on the manual con-
troller. This control can transfer the most sensitive environmental information
to the manual controller and has been shown to be very effective in teleoperation
involving contacts with an unstructured environment. The main difference of

this control from the DBPC is how to transmit the environmental information
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to the manual controller, that is, the DFRC uses direct force feedback and the
DBPC uses indirect position/velocity feedback.
Resolved Force-Reflecting Control(RFRC): The same as the above DFRC ex-
cept that both the manual controller and the remote manipulator are controlled
In task coordinates. It allows the independent design of the manual controller
from the remote manipulator. Also as in RBPC, most available computer aug-
menting control functions can be applied in this mode.

Besides the above control strategies, there are other control functions
aided by the control software[88].
Motion Filtering: “A process in which extraneous motion that is superim-
posed upon the control signal by the operator is detected and subsequently
deleted.”[88] For example, in a miniature replica master-slave system, small
command signals from the miniature replica controller are amplified. Filtering
smooths out the undesired jitters produced by the human operator (due to fa-
tigue, etc.).
Scaling: The ability to dynamically vary the geometric gain between the man-
ual controller and the manipulator. Scaling allows a single controller to be used
for both gross and fine motions (for precision operations) by varying the corre-
sponding gains. Scaling can also be used to create motion constraints on the
manual controller to help/guide the operator (motion projection, where zero
gain represents zero motion along the corresponding direction). Scaling is only
effective when the geometries of the manual controller and the manipulator are
decoupled (the universal controller concept).
Re-referencing: Allows the operator to reposition the manual controller to a
more comfortable or desirable position, without moving the manipulator. This

control function is useful when the motion range of the manipulator is limited
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by the workspace of the manual controller, or when the manual controller is in
an uncomfortable or undesirable position. Re-referencing allows the operator to
increase both the dexterity and the virtual operating range of the controller. As
with scaling, re-referencing is effective only when used with universal controllers.
Re-orientation: Allows the operator to compensate for an altered perspective
between the manual controller and the manipulator. When the manipulator task
coordinates or the visual perspective of a scene are altered, the operator can re-
store the desired controller/manipulator spatial relationship by transforming the
controller output to match the altered perspective. Re-orientation is effective
only when used with universal controllers.

Force Reflection: Forces and torques perceived at the end-effector are repro-
duced at the hand grip of the manual controller, allowing the operator to feel any
external forces/torques as if he/she were moving the end-effector itself. Force
reflection is extremely helpful during operations in uncertain environments.
Force Indezing: Allows constant manipulator loads (external loads, manipulator
wrist weight, etc.) to be subtracted from the forces reflected back to the hand
grip of a manual controller, thus reducing undesirable effects (such as operator
fatigue). Obviously, force indexing can only be used when force reflection is
available (bilateral systems).

Compensation: Reduces or eliminates undesirable dynamic effects, friction,
gravitational effects, nonlinear effects, etc. from a teleoperator system. Com-
pensation reduces operator fatigue and improves control, but the software often
requires a large amount of high level computation. Compensation techniques
should be balanced to enhance individual tasks or teleoperator systems.
Motion Constraints: Artificial constraints are placed on the manipulator to ei-

ther improve control or protect the system. Motion constraints can be based
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on the task environment model, sensory data, etc. Examples include potential
force fields (used for trajectory guidance, obstacle avoidance, etc.) and force
accommodation (adaptive compensation of unexpected forces/torques applied
to the end-effector, useful in insertion tasks, etc.).

Variable Control Point: Allows the operator to simplify the task by electron-
ically selecting the most desirable manipulator control point (tool, wrist, end
effector, etc.). Variable control points can only be achieved on decoupled sys-
tems (universal controller concept).

Teach and Repeat: Allows the operator to “teach” the manipulator a movement
or activity which can be autonomously repeated at a later time. This function

is useful for repetitive tasks requiring no human supervision.

3-3 Manual controller classification

Manual controllers may be classified by various aspects:

Geometry (joystick, replica, master-slave, anthropomorphic, universal, etc.)

Working volume (button box, joystick, manual controller, etc.)

Number of degrees of freedom (non-redundant, redundant, etc.)

Control variables (position isotonic or rate; force isometric, force-induced

displacement, hybrid, etc.)

The direction of information flow (unilateral or bilateral)

Some typical manual controllers are described [12][88]:
Button Boxz Rate Controller: The simplest type of manual controller is the

switch or button box controller. These controllers have individual buttons,



38

switches and/or knobs to control the velocity of each manipulator joint either
directly or in task coordinates. The simplicity of the button box accounts for its
widespread use with industrial manipulators; however, button boxes represent
the slowest teleoperator control available, with typical performance times 20 to
100 times slower than master-slave controllers.

Small Motion Joystick Controller: This is the classical “joystick”, where the
motion range is only a few inches at most. The biggest advantage of the joystick
s that it has a very small working volume; the biggest disadvantage is that the
operator error 1s amplified along with the control signal. The small motion joy-
stick is usually used as a proportional rate controller , but it can also be used
as a position controller. Two 3-DOF joysticks of this type are used to control
NASA’s RMS Arm.

Isometric Joystick Controller: The isometric (immovable) proportional rate
controller exhibits a very compact design, requiring a minimum of working vol-
ume. Transducers (strain gauges) within the manual controller measure the
forces applied by the operator, which are used to control the manipulator ve-
locity either directly or in task coordinates. Due to its small motion range,
the isometric manual controller is not capable of reflecting forces applied to the
manipulator.

Isotonic Manual Controller: An isotonic (constant force) manual controller uses
resolved position control for two or more degrees of freedom in limited work vol-
umes. A “trackball” is an example of this type of controller. Isotonic controllers
are not suitable for force reflection.

Hybrid Manual Controller: The hybrid controller combines aspects of the iso-
tonic and isometric controllers, but they are mutually exclusive for a given degree

of freedom. There are two basic implementation philosophies: concurrent and
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sequential. In a concurrent controller, each degree of freedom is separately con-
trolled by an input force, position, or displacement. In a sequential controller,
each degree of freedom can be controlled by a combination of input force, posi-
tion, or displacement by alternating between isotonic and isometric modes.
Replica Manual Controiler: The replica controller is a scaled-down duplicate of
the manipulator, which allows the operator to control huge, high payload ma-
nipulators. Due to geometric scaling, all operator input is amplified, including
undesirable jitters and any nonlinear properties of the controller (backlash, etc.);
this makes the performance of high-precision tasks difficult. In addition, most
control function software (for re-referencing, scaling, etc.) cannot be adapted
to the replica master controller, because of the geometric coupling between the
manipulator and the controller.

Master-Slave Teleoperator System: Two geometrically similar manipulators are
interfaced such that the operator controls one manipulator (the master) while
the other (the slave) durlicates the motion of the master. Control of the master-
slave teleoperator system is quite simple, as long as the master and slave ma-
nipulators remain close geometrical replicas (maintaining their geometric and
dynamic similarities). However, as in the case of the replica manual controller,
the geometric similarity (direct joint-to-joint coupling) between master and slave
prevents the use of control function software for performance enhancement.
Anthropomorphic Manual Controller: Anthropomorphic controllers are used to
maximize the human operator’s own control capability by using the human arm
as the geometrical base. The manipulator is usually geometrically similar to the
anthropomorphic controller. These controllers show good performance within
humans’ dexterous range, but are restricted in certain tasks (i.e., operations re-

quiring high precision, complex geometries, etc.) which may be more effectively
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accomplished with a non-anthropomorphic geometry.

Universal Manual Controller: As a result of rapid advancements in computer
technology, it is now possible (with proper transformation software) to interface
a manipulator with a geometrically dissimilar manual controller, called a “uni-
versal controller”. The ability to adapt to manipulators with different geome-
tries provides the universal controller with many promising advantages. With
the universal controller, the position and velocity of both the manipulator and
the manual controller can be controlled in task coordinates, which feels more
natural to the operator.

While all of the manual controllers have their own particular merits
and demerits, the master-slave, anthropomorphic, and universal manual con-
trollers appear to have clear advantages over the others. The ability to apply
a variety of interface and control functions (“natural” control with force and
proprioceptive feedback, reduced operator workload, reduced training time and
expense, reduced probability of errors, etc.) enhances the performance of these
controllers.

A comparison of the master-slave, anthropomorphic, and universal con-
trollers clarifies the differences between them. Master-slave controllers have
direct configuration feedback (due to the duplicate geometry of the controller
and manipulator), but they may lack in anthropomorphism and compactness.
Anthropomorphic controllers often lack compactness and versatility, and their
functional capabilities may be limited by the human operator. Universal con-
trollers are versatile and compact, but they lack direct anthropomorphism and
configuration feedback.

It should be noted that the main difference between a master-slave

controller and a universal controller lies in the geometrical coupling/decoupling
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to the manipulator. Due to its geometrical dependence on a particular slave
manipulator, the performance of a master-slave teleoperator system would be
dramatically reduced if used as a universal controller (e.g., if it was linked to a
slave of different geometry), because the controller design may not be compact
or ergonomic. While a universal controller cannot be made to mimic the master-
slave’s direct configuration feedback, its versatility and ergonomic design make
it the most promising controller, because the controller and the manipulator
can be specially designed for their particular requirements. Tables 3-1 (adapted
from [88]) and 3-2, and Figure 3-3 (adapted from [88]) compare the functional

properties and performance of various manual controllers.

3-4 Performance evaluation of teleoperator systems

While many evaluation techniques have been proposed for quantifying
the performance of telecperator systems and their various control modes, there
is no industry standard. Performance is usually evaluated either by measuring
the mean task-completion time or by counting the number of errors occurring
during a specified task. While the time ratio performance measurement tech-
niques are currently the most popular, the error/success ratio techniques are
also important in teleoperator system evaluation. It should be noted that time

ratio measurements are valid only when comparing tasks of the same complexity

(same degree of constraint)[28][56][67][88](96].

* Information-Based Performance (Fitt’s Law): Base the teleoperator sys-

tem performance upon an index of difficulty:

24
Iz = logy(—-) (3-4.1)
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where
14 = index of difficulty (Fitt’s index).
A = distance between targets in a repetitive motion.

B = the width of the target (tolerance).

Fitt’s Law is defined as:

T=al;+b (3-4.2)

where
T = task completion time.

a and b are determined experimentally.

o Unit-Task Completion Time - Measurement of the completion time for a

specified unit task, such as “insert”. “grasp”. etc.
b b 1)

o Task/Time Ratio: Comparison of task completion time between the tele-

operator system and a human operator.

¢ Error/Task Success Ratio: Compares the number of errors expected using

various teleoperator systems during a specified task.

Bilateral master-slave systems have demonstrated the best performance
of all teleoperator systems (based on time ratio evaluation techniques), yet they
are still 2 to 15 times slower than a human. All other systems are currently
3 to 10 times slower than the bilateral system, which suggests that increasing
the level of telepresence improves performance. However, other control modes
should not be completely overlooked, as they often perform better than bilateral

master-slave systems in certain applications.
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Table 3—-1 FUNCTIONAL PROPERTIES OF MANUAL CONTROLLERS (ADAPTED FROM [88]}).
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Table 3-2 PERFORMANCE CHARACTERISTICS OF MANUAL CONTROLLERS (ADAPTED FROM

(88)).
Evaluation | rate |[isometric | master/ anthropo- | universal | redundant
Criteria | button rate slave morphic | bilateral | universal
box control bilateral
task poor fair best good good good
performance
time
decoupled ves yes no no yes ves
interface
natural poor fair very excellent very very
motion good good good
control simple simple direct direct difficult difficult
device
implemen-
tation
attainable | poorest fair good good good good
accuracy
cost lowest low moderate high moderate highest
rehability very good good poor good fair
good
control poorest poor fair fair very excellent
mode good
applicability
computa- lowest | moderate low iow high very
tational high
burden
compactness best excellent poor poor very good
& size good good
dexterity worst fair good good very excellent
good




CHAPTER 4

Kinematic Analysis of the Parallel Spherical 3-dof System

The kinematic design of the robotic manipulator requires various con-
siderations to accomplish the desired system performance. Due to its kinematic
and dynamic simplicity and its dextrous large working volume, most current
robotic systems in use are primarily based on a serial structure. However, its
low structural stiffness and low load capacity represent disadvantageous charac-
teristics for its versatile applications.

The parallel structure could, in general, have larger load capacity and
higher structural stiffness than the serial structure. Heavy actuators could be
located toward and/or on the base and parallelism increases the structural rigid-
ity. However, as the number of degrees of freedom of parallel systems increases,
both the complexity of the kinematic/dynamic analysis and the computational
burden increase. Only a restricted design of the parallel system could be useful.

Most of available bilateral or force-reflecting manual controllers use
elementary architectures (serial structure). However, as discussed, the parallel
structure represents promising aspects for bilateral or force-reflecting manual
controller applications such as locations of actuators on the grounded base,

structural stiffness, etc.

46
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A 3-dof parallel spherical shoulder system has been studied for its pos-
sible applications to robotic systems by several researchers[18][20][68]. In this
chapter, the kinematic and dynamic analysis for the parallel 3-DOF spherical
shoulder system are reviewed, and the forward position analysis is presented for

a universal manual controller application.

4-1 Mobility analysis

The degrees of freedom of the spherical shoulder could be confirmed by
the general mobility criterion, called Gribler’s or Kutzback’s criterion[50],
g
M=m(n—-1) - () (4-1.1)
i=1
where M: mobility
m: the dimension of maximum output space of n bodies
n: the number of completely unconstrained bodies

g: the number of joints

u;: the number of constraints on joint z.

In this formula, the dimension of the maximum output space of n bodies, m,
requires more considerations. In general, spatial motion represents 6 dimensional
space motion. However, due to the lack of geometrical generality in certain
situations, the full 6 dimensional motion space could not be covered by the
mechanism; because of singularity points, the motion space of a mechanism
could be reduced by more than one-dof.

As in the planar motion mechanism, the spherical shoulder has its nine
joint axes co-intersecting at a common point, thus constraining the motion to

be purely spherical. For convenience, the simplified schematic of the shoulder
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is given in Figure 4-1. In actuality, the number of degrees of freedom of the
mechanism is restricted to three dimensional spherical space; the motion path
of any point on the link is restricted to the surface of the sphere which has an
origin at the common intersecting point. »

With the substitution of m = 3 into the above mobility criterian (as-
suming spherical motion of the mechanism), the mobility, M, would be obtained

as below;

M=38-1)-2x9=3.

However, when we insert d = 6 into the criterion without the above consideration
(assuming general spatial motion of the mechanim), the mobility, M, could

result in;

M=608-1)-5x9=-3.
By examining the mobility results from these two cases, it can be seen that the

top plate

— subchain *3
6

subchain * |—

subchain *2

R : revolute joint

base plate

Figure 41 SIMPLIFIED SCHEMATICS OF THE SHOULDER
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number of overconstraints imposed on the system are six (they are different by
six). When some of these six overconstraints are removed, the shoulder would
not increase its mobility (3-dof) at all, but it could decrease the structual rigidity
of the mechanism. Note also that due to its overconstraints, the shoulder system
becomes structurally indeterminate and requires compatibility conditions for its

force and torque analysis|20].

4-2 Kinematic description

The shoulder system, shown in Figure 4-2, is a multi-loop, spherical
mechanism. It consists of a lower (or base) ternary, three serial subchains, and
a upper (or top) ternary. Each serial subchain consists of three revolute joints
(since they are serially connected, it can be represented as a RRR dyad). To
satisfy the geometric constraints for a parallel spherical 3-dof motion, nine joint
axes intersect at a common point. In this section, kinematic parameters of the
shoulder are briefly described or reviewed. Note, however, that to directly be
applicable as a modular component in a multi-dof manipulator, the local frames
for the mechanism will be defined slighly differently from the previous works[18].

The rotation axis direction for each revolute joint is denoted as a unit
vector, s7', as shown in Figure 4-3. The superscript, m, shall denote the sub-
chain and the subscript, n, shall denote the joint. The two reference unit vectors
perpendicular to the lower ternary plate and to the upper ternary plate are de-
noted as 8, and 8, respectively. The base frame fixed on the lower ternary
(@4 ¥, 2s) and the top frame fixed on the upper ternary (z, v, z), are defined.
Three serial subchains are defined as open linkages connecting those two bases

and top frames. The orientation of any link in a serial subchain, m, can be
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described by a minimum of two vectors attached to the link, namely, s and

a?!. The unit vector, a?, is defined by

aj; =8 x s7. (4-2.2)

The transformation matrix, [™ R!], representing the jth local frame direction

cosine with respect to the reference frame r, can be expressed as shown below,

["Ri] = [a} 8" x a s} (4-2.3)

The twist angles, which are defined as rotation angles about the axis, al,
between two subsequent revolute axes, 87* and 8T, are fixed geometric properties

of each binary link and denoted by o7, Mathmatically it can be represented by

cosa;; = 8" - 87", (4-2.4)

To describe the offset angles between the subchain frames and refer-
ence frames(base and top frames), apex angles and edge displacement angles
are defined. Apex angles, representing twist angles between the lower ternary
reference unit vector, 8,, and the lower joint axis, 8T, and the upper joint axis,
s3', and the upper ternary reference unit vector, 8; are denoted as o (or aft)
and of, (or af;), respectively as shown in Figure 4-3. In mathmatical form,

apex angles can be written as follows;
cos ag, = 8y - 87", where m = 1,2,3, for lower ternary, (4-2.5)

cosay, = 83 - 8;, where m =1,2,3, for upper ternary. (4-2.6)

Edge displacement angles which represent offset rotation angles about lower

(upper) ternary reference unit vectors, 83(8;), between the lower (upper) ternary
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reference frame and the local frames, are denoted as ~J}(v3;). The unit vector

describing the orientation of the ternary links are defined as
ag, = 8, X 87", where m =1,2,3. for lower ternary, (4-2.7)

ay, = 83 X 8, where m =1,2,3. for upper ternary. (4-2.8)

Based upon the above parameter notations, the complete kinematic
description of each serial subchain can be represented as in Table 4-1. In the
table, S|7 represents the offset distance along the local rotational joint axis, 87,
and ¢ represents the active joint angular displacement about the local rota-
tional joint axis, s7*. In Figure 4-3, the schematic representation for kinematic

parameters for a serial subchain of the shoulder system is shown.

4-3 Coordinate system and transformation

To represent the relative input and output position and orientation of
the shoulder, two reference coordinate systems are required. Since the geometry
of the shoulder allows only the rotational motion about the common intersection
point, the origins of all local coordinates are located at that point. One body
fixed coordinate system, fixed to the lower ternary, provides the references for
input positions and is denoted as a base frame (@, y,, z5). The other body
fixed coordinate system, fixed to the upper ternary, provides the references for
output positions and is denoted as a top frame (2, y,, 2;). For convenience,
these two coordinate systems are defined so that they coincide at the reference
position.

The output position of the shoulder system is represented by Euler
angles denoted by u;, g2, and p3. These Euler angles can be represented by the
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Table 4-1 KINEMATIC PARAMETERS OF THE SHOULDER

Serial subchain # 1

subchain | joint | ST | & | @iy | oy,
base ternary [0(b) [ 0 |15, | 0 [al (a})
1 1 0 | o) 0 a1
i 2 [0 e[ 0 az;
1 3 0 | &3 0 aaq(as,)
top ternary | 4(t) | 0 [+, | © 0
[ Serial subchain # 2 —I
subchain | joint | ST | ¢i | @iiy1 | o},
base ternary | 0(b) | 0 | ~3, 0 ag (o)
2 1 0 | ¢ 0 iy
2 2 |08 0 ol
2 3 0 | ¢3 0 a§4(a§,)
top ternary | 4(t) | 0 [~3, | 0 0
[ Serial subchain # 3
subchain | joint | ST | i | @iy | aBy,
base ternary [ 0(b) | 0 [+, | 0 [ag(a)
3 1 0[] 0 oy
3 2 0 [¢3] O a3
3 3 10 [¢5] 0 |esza3)
top ternary | 4(t) | 0 [+v5, | O 0
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equivalent transformation matrix, or direction cosines of the top ternary body
fixed coordinate frame with respect to the base ternary body fixed coordinate

frame. That is,

()

Rot(z, p1)Rot(y, u2) Rot(z, us)

(1 0 0 cuy 0 sp, cus —susz 0

= | 0 cpuy —syy } l: 0 1 o0 ] spz cusz 0

L0 sy ey —sp2 0 —cp, 0 0 1

[ SpaCl3 —SlUgSp3 Si2

= SpSpacpy + CuISp3  —SpySpaSp3 + CpCly —SpCpy 4-3.9)
[ —Caspasus + spicps  cpiSpasus + Spicus  cpacpg

or

[Ry] = [a: 8 x a, 8] (4-3.10)

where the superscript, ¢, and the subscript, b, denote the top ternary body fixed
reference coordinate frame and the base ternary body fixed reference coordinate
frame, respectively.

Now, for the serial subchain of the shoulder, any intermediate local
coordinate systems may be defined and their direction cosines be provided for

future references.

[R'r’] = [ay 8, X a; 8 (4-3.11)
[R][Rot(2,76)] = laon 86 X @y 8] (4-3.12)
[Rr][Rot(z,9,)|[Rot(z, af)] = [ac: 81 X aor 81] (4-3.13)

[Rf][Rot(z,'y[',';)][Rot(x,ag;)][Rot(z,d);")] = [a;; 8; X ag, 8] (4-3.14)
[RY)[R)[Rot(=, o)l = (a2 82 X a1z 8] (4-3.15)

[R)[R})[Rot(z, al3)][Rot(z, 7)) = [a23 82 x ans 82] (4-3.16)
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[RR)R)[Rot(z, 033)] = [azs 85 X azs 85] (4-3.17)
(BB {Rot(z, o33)][Rot(=, 67)] = [ass 53 X asy 8] (4-3.18)
[RBIR RS Rot(z, a3;)] = [@sy s, X asy 8] (4-3.19)
(BRI RS)(Rot(z, a5)][Rot(2, %53)] = [ax 8¢ x a; 8] (4-3.20)

where
(R3] = [Rot(z, 731)][Rot(z, af} ][ Rot(z, 47")] (4-3.21)
[5] = [Rot(z, oT;)][Rot(z, ¢7)] (4-3.22)
[R2] = [Rot(z, o3} )][Rot(z, ¢7)] (4-3.23)
[R3] = [Rot(z, o3, )][Rot (2, 75;)]. (4-3.24)

Note that [Rf] = [Rf][R;‘], represents the direction cosines of the kth
local frame with respect to the ith local frame, and that any local vector, r(*),

in kth local coordinate frame can be expressed in ith coordinate frame by

r) = [R¥]r (), (4-3.25)

4-4 Reverse position analysis

Finding the angular displacements of the dyad joints when the out-
put position of the system (upper ternary link) is specified, is referred to as
the reverse position analysis. In the shoulder system, three base joints from
each serial subchain are actuated. To locate the shoulder system at a speci-
fied position/orientation, these three actuated joint angular positions need to
be determined. In this section, the reverse position analysis for the shoulder is

presented.
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Given an output position or orientation of the system in terms of Eu-
ler angles, three independent sets of equations can be written for each serial
subchain.

[R}] = ["R}] for m =1,2,3, (4-4.26)

where m denotes the serial subchain. The left hand side is a desired output
transformation matrix of the system given in equation (4-3.9) and the right

hand side is written in terms of the serial subchain variables as below,

["Ry) = ["R]["RIN["R3)[™ Ry] for m=1,2,3 (4-4.27)
where
["R] = [Rot(z, 7q)][Rot(z, oigy )][ Rot(z, 4T")] (4-4.28)
[™Ri] = [Rot(z, al})][Rot(z, ¢7')] (4-4.29)
[" R3] = [Rot(z, o33)][Rot(z, ¢3')] (4-4.30)
[™ R3] = [Rot(z, oF)}[Rot(z,753)]- (4-4.31)

Transformation matrices in the above equations, [* R}], [*R?], [™ R3], and [ R}],
represent the relative rotation between neighboring local link coordinate sys-
tems. Thus the orientation of the third link in the first coordinates are given by
the matrix product
" R3] = ["Ri|[" R3] (4-4.32)
For brevity, throughout the subsequent analysis, the following notations are
used; c¢™ = cos(¢T), s¢T =sin(¢]), etc. Then each transformation matrix
can be written in detail as follows;
RCAT — ATCaT ST —erfisdy — syficaTed]  safise]
"R} = | s1Qicdl — caficalsdl —svaisel — cygical’cd” —eygisay

sal ser saTcoT ca;"( )
4-4.33
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ey —s¢7 0
["Rn_y) = [Ca&_unw;" cag,_1y, 87 —safn_y, (4-4.34)
sa{',‘l_l)"s¢f saZ’,‘l_l)ncq‘zZ ca{’,“_l)n
m o sy 0
["RS] = | caBisyf cagevn —sagy |- (4-4.35)
sap sy sancvn  cahy

Noting from the geometry of the shoulder that vectors, s3' for m = 1,2,3, are

fixed to the upper ternary plate, the equation (4-4.27) can be rearranged in

following form;
[" Ri] = [" Ry][™ R{][Rot(z, o)) [ Rot(z, ¢7)][™ RY). (4-4.36)

Now, premultipling ["R;]” and postmultiplying [ R4)T[Rot(z,47)]T on both
sides yields

[" R[™ Bj)[™ B[ Rot(2, 67 )]" = [™R})[Rot(z, a3)]. (4-4.37)

The orthogonal property of the rotation matrices has been used in the above
manipulations; that is, the inverse of the orthogonal matrix is equal to the
transpose of the matrix. In this equation, the last columns of the transformation
matrices represent the direction cosines of vectors, sg'm for m =1,2,3, with

respect to the local frame 1. Noting that

0
83 [Rz‘,][’"R?][Rot(z,¢5")]T{ 0 }

1
0
= [RJ"R]{ 0
1
CY34  SYmcasy syysasg | [0
= [a; s X a; 8] | —s7]; cvmeaqy cymsal 0 5, (4-4.38)
0 —saj, cay, 1
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vectors, 83', can be obtained by
83 = syysanar + cyjsal s x al + cali sl (4-4.39)

Now, let’s define a local coordinate, called dth local frame, as follows

["R{] = [Rot(2,4%})][Rot(z, o} )] (4-4.40)
where
. [ —siean sasad
"Ryl = | s cjeady —cagisaly | . (4-4.41)
0 sagy cagy
Note that
87 = (" RYTsT (4-4.42)
and
["By]" = [Rot(z,¢T)]" [ R{]". (4-4.43)

Substituting equations (4-4.42) and (4-4.43) into (4-4.37), and using equation
(4-4.38), the third column of RHS of the equation (4-4.37), representing local

unit vectors, s;"(d), can be written as follows

0
[Rot(z, 67)]785'Y = [ Ri)[Rot(z,a)] { 0 } : (4-4.44)
1
Now, for brevity, local vectors, 3;"(‘1) for m = 1,2,3, are denoted as
z;n(d)
s W= ym@ 1 (4-4.45)
)
3

These components can be found in terms of the known parameters in the reverse
position analysis and are considered as constants in the following analysis. With
substitution of the equation (4-4.45) into the equation (4-4.44), we have

x:',n(d)ch;" + y;"(d)sqﬂi" = sy saq, (4-4.46)
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— .’L‘;;n(d)s¢;n _+_ y;n(d)c¢;ﬂ —_ _ca;’;c¢;nsa;g —_— saﬂcag (4"‘4.47)
7' = —safegPsall + calical. (4-4.48)

Multiply the equation (4-4.47) by -saT, and the equation (4-4.48) by caf}, and

add these two results. Then we get
sa73(23' 367 + YT edT) + calzl = cagy, form=1,23. (4-4.49)

Substituting the tan-half angle representations into this equations,

27 1-()? o

s¢r = I—W, and c¢T = W’ where 7" = tan( 5 )s (4-4.50)
yields
ATV +Bt"+C =0 (4-4.51)
where
A= y?(l)sa;'; + :cg'(])ca’l’; — cajy (4-4.52)
B =2s7Wsom (4-4.53)
C = —-y7Wsam + 27 Weam ~ caly. (4-4.54)

From this quadratic equation (4-4.51), two solutions can be obtained and they

represent the two different closures of each serial RRR dyad shown in Figure

4-5.
m_—B % VB2 =3AC
L 24 |

The desired angles, ¢, can be obtained by substituting the results into equation

(4-4.50)

(4-4.55)

#7" = 2arctan(t]) (4-4.56)
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Another joint angular displacements, ¢7* for m = 1,2,3, can be ob-
tained by back substituting obtained values for ¢™’s into the equation (4-4.46)
and (4-4.48)

&y = arctan(sisz;) (4-4.57)
]
where
e (4-4.58)
$Qa3
m m(d
cpT = cafeafs — 25" (4-4.59)

safysagy
Note that in derivation of the kinematic equations for the shoulder, ¢7'’s of all
three dyads of the shoulder are not required when the output transformation
or its equivalent Euler angles are known as in reverse position analysis. In
particular, for kinesthetic coupling in teleoperator system applications, only the
first order Kinematic Influence Coefficients(KIC’s) are required. The vectors,
87", 87, and 83, which are required to compute the first order KIC’s of the

shoulder, can be obtained as follows

0
sTT=["Ri]{ 0 3, (4-4.60)
1
0 0
85 =["R;]{ 0 ¢ or 87 =["R}]{ —sal} (4-4.61)
1 cay,
and
0 0
87 =["R}){ 0 ¢ or s =["R}{ —sal }. (4-4.62)
1 caly

4-5 Forward position analysis

Finding the end-effector position/orientation of the manipulator with

the joint displacement angles measured is referred to as the forward position
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analysis. In universal teleoperator system applications, whether unilateral or
bilateral, the handgrip position/orientation of the manual controller must be
computed and is given as a command to the remote manipulator. In serial
manipulators, forward position analysis is a relatively simple process. How-
ever, in parallel manipulators, forward position analysis is an involved process,
especially when measured joint displacement angles are related to geometrical
constraints for the desired output position/orientation. For a parallel system
with measured joint displacement angles along one serial subchain, the forward
position analysis becomes that for a serial manipulator. In certain cases, the
locations for position transducers for parallel mechanisms are restricted, due to
mechanical interferences or requirements for higher resolution. In the following
section, the forward position analysis of the 3-dof shoulder for three measured
joint displacement angles, ¢}, ¢2, and ¢3, is presented. With these choices for
measured joint angles, the above mentioned problems can be avoided.

From the equation (4-4.27), the following two loop constraints equa-

tions can be written as,
[ R](RIC R RS) = [ R R)[™ R3)(™ RS) for m = 2,3. (4-5.63)
Premultiplying [ R}]” and postmultiplying [™R.]” to equation (4-5.63) yields
[ B[ Rl Re)” = ["RY[™ R3] = ["R]] for m = 2,3 (4-5.64)
where

[ &) = (' R RY B3I Ra)- (4-5.65)

(1)

Noting that the local vector, si'") are only a function of the second joint angular

displacement, ¢7', the last columns of the above equation (4-5.64) can be used.
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That is,

0 0 0
"EITRIMRTS 0 b= RArRYS o b= mRed g form=2,3.
1 1 1
(4-5.66)
The LHS of equation (4-5.66) can be expressed in the following functional form
in terms of three joint displacement angles (¢}, ¢7, and ¢3),
o[ CEaighohet) ) (0
55 = { ["R(0l, 0%, 61 L= | ym form=23 (4-567)
[mRﬂaa(qb}, 35 ¢3) zm®
And the RHS can be written as

sPTsam
s;"(l) = —ca;’l",sa;’gccﬁ;" — safycagy form = 2,3. (4‘5-68)

—saf,sagicd + cafycaly
Multiply ~saf} to the y component and caf} to the z component of the equations

(4-5.66) and add those results to obtain the desired constraint equations for the

shoulder as below
cazy = —say™ 4 calyz™V for m = 2,3. (4-5.69)
The equations (4-5.69) may be expressed in more specific form as below,

Di(¢1, 63, 81)cd; + E5 (81, ¢}, 67)s63 = Fr (4}, 2) (4-5.70)

D3 (81,63, 81)cey + E3(4}, 83, 83)s6} = Fy(41, 4) (4-5.71)

Note that these constraint equations are functions of two unknown joint angular

displacements, ¢} and @} since three joint displacement angles, ¢!, ¢? and ¢?
are provided.

From the equations (4-5.70) and (4-5.71), it seems that with either

¢z or ¢} known, the other variables can be obtained uniquely. However, in real
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implementation, the measurement errors from the redundant joint such as either
¢} or ¢}, is introduced so that both constraint equations may not be satisfied.
The obtained solutions showed a very high sensitivity to the measurement errors
and direct substitution of the measured angle, either ¢} or ¢ into (4-5.70) and
(4-5.71), resulted in unacceptable results.

Once joint angles along one of the serial subchains are determined, the
output transformation matrix of the shoulder system can be computed using
the equation (4-4.27). Euler angles, y;, y2 and us, representing the output
rotational transformation matrix of the shoulder, can be also found directly

from the equations (4-3.9) and (4-4.27) as follows:

sz = (MRha (4-5.72)
—(™R)2a/cpa
t — T\ Tw/n/CH2 s
an j, " )os/ cota (4-5.73)
—(™R} )12/ cpz
t = — 4-5.74
S TR ens (4574

In actual shoulder system implementation, only one set of solutions,
7, where m = 1,2,3, are selected and maintained during its operation. The
shoulder is not allowed to pass through singularity points to change its config-

uration (@7 = 0°, or 180°), at any time.

4-5.1 Forward position analysis in explicit form

In this section, forward position analysis for the same three measured
joint displacement angles, ¢!, ¢2, and ¢? is derived in explicit form. With
the direct substitution for the three measured joint displacement angles into

equations (4-5.70) and (4-5.71), the following form of the equations can be
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found.

Dy(3)cés + E(¢3)s¢y = Fi(4}) (4-5.75)
Dy(¢3)co; + Ea(3)s¢) = Fa(4}) (4-5.76)
Now, applying Cramer’s rule into the above equations, we have

1_ HhE, - EFR

= DE-ED, s
and
D\F, - D
sl = 2 L2 (4-5.78)

" D\E, - E\D;
Substituting the above results into the trigonometric functions, (c¢})? +(s¢l)?=

1, yields:
f(83) = (REy = E\Fy)* + (D F, — F,D,)* — (D, E; — E\D;)* = 0. (4-5.79)

Note that this equation is a function of only cg! and s¢3. When tangent-half

angle representations are applied

2t 1 -2
= ‘I—Tt—z, C¢; = m, where t = ta,n(%) (4—580)

L0 et

s¢y
they can be written in polynomial forms,
g(t) = 0. (4-5.81)

Actually, this equation (4-5.81) is an eighth-order ploynomial, and finding its
solution would require a major computational effort. Also, the correct solution
should be selected out of eight possible configurations. Because of those prob-
lems, this approach for forward position analysis may not be a good approach
in real time applications. Note that only real solutions of the eighth-order poly-

nomial equation represent the real possible configurations of the shoulder.
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4-5.2 Forward position analysis via numerical method

The explicit form of forward position anlaysis for three measurable
joint angles, ¢}, ¢?, and ¢3, is computationally intensive and may be difficult to
achieve in real time as discussed in the previous section. A numerical approach
for the forward position analysis is considered as an alternative for practical
implementations. Equations (4-5.70) and (4-5.71) are rewritten in the following

form for direct numerical application:

Ci(¢3,43) =0 (4-5.82)
Ca(43, 43) = 0. (4-5.83)

To solve the above two nonlinear equations simultaneously, various
kinds of numerical techniques could be applied. With a simple iterative Newton-
Raphson’s method, solutions within an acceptable error bound can be obtained
within two to three iterations. However, both the simulation and actual op-
eration results revealed that when the initial guesses for the joint angles are
not sufficiently close to the actual joint angles, the solutions neither converged
toward the answers quickly nor gave the correct answers. This is expected and
confirms the existence of the other possible forward position solutions of the
shoulder for those measured joint displacements as discussed before.

After obtaining the numerical solutions for ¢} and ¢}, the remaining
joint angles, @2, #2, 43, and ¢3 may be computed. To do so, first, the forward
position analysis along the one serial sub-chain, of which all joint displacement
angles are identified in the above numerical method, is performed to find the
output ternary transformation matrix or its equivalent Euler angles. Then, by

performing the reverse position analysis along the other two serial sub-chains,
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the remaining joint displacement angles can be computed.

4-5.3 Consideration on the location of position transducers

In the previous sections, it has been shown that the shoulder could
have multiple possible configurations in the reverse position analysis. Two con-
figurations exist along each serial sub-chain making eight system configurations
possible. Likewise, in the forward position analysis of the parallel shoulder Sys-
tem, the number of possible configurations depends on which three measured
joint angles are chosen. The proper locations of the three position transduc-
ers are considered shortly. Obviously, the measurement of three joint angles
along any one serial subchain of the shoulder provides the simplest equations
for forward position analysis. From the other two serial subchains four possible
configurations can be obtained (two configurations for each serial subchain). It
should be noted, however, that the possible mechanical interferences of the po-
sition transducers in the middle joint with the other links may leave no room
for transducers at these joints. In the actual hardware design of the shoulder as
a manual controller, discussed in Chapter 9, the large workspace as well as the
compactness of the shoulder has been emphasized and not enough room for the
position transducers is left in the middle Joints. Thus the measurements of the
middle joint displacement angles, ¢}, #3, and #3, are not considered.

The other selections are the three Joint angles for actual implementa-
tion, @1, #2, and ¢3. These selections are most preferable since all of the position
transducers are placed with the actuators on the base. With high-ratio gear re-
ducers at the actuators, high resolutions for angular position could be obtained.
For these three measured joint angles, the detailed analysis is already discussed

in the section 4-5 and is not repeated.
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More than three joints angles could be measured among ¢1, ¢2, ¢3,
él, 92, and ¢3, as alternatives. Particularly, with any four known joint angles
including three base joint angles, the forward position solution can be obtained
without too much computational effort. However, in actual implementation,
measuring additional joint angles could produce a certain amount of conflicting
measurement errors, violating the constraints, and thus resulting in an uncertain

forward position solution. However, the extra joint displacement angle can be

used as an initial guess to expedite and/or test the numerical calculation.

4-6 KIC of the parallel spherical 3-dof shoulder

To analyze multi-loop parallel systems, it is often difficult to obtain
the kinematic and dynamic model directly with respect to the desired general-
ized variables. To avoid this kind of difficulty, Freeman and Tesar[32] suggest a
method using intermediate variables (generalized universal variables). In their
approach, the kinematic and dynamic model with respect to those intermedi-
ate variables are found first. Then the desired kinematic and dynamic model
with respect to the specified variables are computed, using the geometric rela-
tions between the intermediate variables and the desired variables (called the
generalized transfer of coordinates). This approach is based on the differen-
tial equations (holononic equations) and typically the task rate variables such
as end-effector positional/rotational velocities are selected as intermediate rate
variables to reduce the computational burden. Note, however, that due to the
intermediate transformation from the generalized variables to the intermediate
variables, any mathematical singularities between them would invalidate these

formulations.
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To represent the output ternary angular position of the shoulder, the
Euler angles given in equation (4-3.9) are used. However, the direct time deriva-
tives of Euler angles do not represent the output ternary differential motion in
universal Cartesian space. In fact, they rather represent the differential motion
in joint space that is equivalent to the corresponding Euler angles. If it is re-
called that Euler angles are defined as succesive rotations with respect to local
axes, it can be seen that it can be represented the serial wrist with appropriate

kinematic parameters. That is,

Rot(z, u1)Rot(y, p2)Rot(z, u3) = Rot(z,90°) Rot(z, 90°)
Rot(z, py + 90°) Rot(z, 90°) Rot(z, uy + 90°)
Rot(x,90°) Rot(z, u;). (4-6.84)

In the spherical shoulder system analysis, absolute angular velocities of the out-
put ternary are chosen as output (intermediate) rate variables. It is also assumed
that each serial subchain of the shoulder is not in any singularity configurations,
whether geometrical or mathematical.

To find the KIC’s of the shoulder that relates input joint angular ve-
locities either to the output ternary absolute angular velocities or to the local
angular velocities with respect to the local frame fixed on the output ternary,
use the following relations between the absolute angular velocity and the local

angular velocity in the local frame fixed on the output ternary.
w = [Rj)p (4-6.85)

or

g=[R)Tw (4-6.86)



71

where w = |w; wy w37, represents the absolute angular velocity of the upper

ternary plate and ft = [4iy jiz 4is)7, denote the local angular velocity in the local

frame fixed on the upper ternary plate.
For each serial subchain, the differential relations between the absolute

angular velocities, w, and the joint angular velocities, éﬁvm, can be written
w = ["GY¢™ for m=1,2,3. (4-6.87)

where
o™ = [o7 o7 ¢7]T for m=1,2,3. (4-6.88)

Note that the superscript, m, denotes the serial subchain; for example, [*G}Y]
represents the first-order KIC between the output rate variables and the joint
angular velocities of the serial subchain, m. When ["G}], for m = 1,2,3, are

not singular, the equation (4-6.87) can be written as
" = "Gy 'w for m=1,2,3. (4-6.89)

It can be noted that in the above inverse process, the geometric constraints are
embedded implicitly. Let actuated joint variables be denoted as ¢, =[¢1 ¢? ¢3].
Then from equation (4-6.89) we have

6 = ['Gyliw (4-6.90)
# = G lw (4-6.91)
¢ = PGl w, (4-6.92)

where [!G3];! represents the nth row of ['Gy]™'. In matrix form, it can be

rewritten as

é, =[Gy | 'w (4-6.93)
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where o
[ G;]l;
(G307 = | PGy (4 6.94)
eH
Then the KIC is obtained from the equation (4-6.93)

w = [GY |, (4-6.95)

The local KIC between the absolute angular velocities in the local mov-

ing frame and the actuated joint velocities can be found by substituting equation

(4-6.95) into (4-6.86),

i = [R)T(Gy )¢, = [GY.], (4-6.96)

where

[G5.) = [RT(GY,). (4-6.97)

4-7 Static torque analysis

The KIC matrix, (G}, also represents the relation between the input
torque and the output torque of the system. To find the desired force relations,
the virtual work principle can be used. The virtual displacement is defined as
a hypothetical infinitesimal displacement consistent with the applied forces and
forces of constraints at a given instant. The work done in a virtual displacement
is called virtual work. The virtual work principle describes the static equilibrium
state of the system, for which the sum of the virtual work of the forces of
constraints is zero. It states that the sum of the virtual work done by the

applied forces to the system is zero,

W =T - 8¢+ T -bu=0, (4-7.98)
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where Ty and T, represent the generalized forces applied to the system at equibil-

ium. Since the differential displacements from the geometry are related by
bu = [Gylo9, (4-7.99)
subsitute equation (4-7.99) into (4-7.98) to find
(T] + TT[GY])6¢ = 0, (4-7.100)

or

Ty = —[G4]"T.. (4-7.101)
4-8 Geometric analysis

In the previous sections, we obtained the KIC matrices which contain
the geometric information of the system. In this section, the methods for ge-
ometric analysis and their results for the shoulder are briefly reviewed. These
analyses are primarily based on the KIC matrices. Let % represent the general-
ized output rate variables and ¢ the input rate variables. Then the first-order

differential relation can be written as
u = [GY]é. (4-8.102)
Noting that a KIC matrix [G}] is dependent of the displacement variables, ge-
ometric characteristics of the system can be investigated via the matrix. To
analyze the KIC matrices, the various properties of the matrices could be uti-
lized. These include maximum/minimum eigenvalues, determinant, condition
number, maximum/minimun singular values, etc[9][16][105].
By utilizing the norm of the KIC matrix, the input/output bounds
could be found as follows. Note that

Wi = ¢ (GYTIGY)S. (4-8.103)
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Dividing the equation (4-8.103) by é&T - @ yields

WTu _$ (GYTGY)d
o6 e
Let A2

mins A1y «» by, Tepresent the eigenvalues of the matrix, [G3ITIGY).

(4-8.104)

can be noted that since the matrix, [G3]TIGY], is a real symmetric matrix, its
eigenvalues are always real. The bound of the equation (4-8.104) can be written

based on Rayleigh’s principle[86] as

2 < ([G”T[Gd’]) < (4-8.105)
¢ ‘¢

Using equations (4-8.103) and (4-8.105), we have

ALallBl? < flal? < A2, |18l (4-8.106)

where || - || = 2T - & is used. This equation implies that the eigenvalues of

the matrix, [G4]T[GY], are directly related to the transmission characteristics
between the input and output velocities. Note that since the singular values
of the matrix [G%], Omins - -+ ,Omaz, are the square roots of the eigenvalues of
(GAITIGY),

o; = A, (4-8.107)

singular values of [G§] can be used directly instead of computing the eigenvalues
of [G3]7[GY]. The computation of singular values are not sensitive to the matrix
condition and can provide very stable matrix properties. Finding singular values
are preferable to computing the eigenvalues directly[58]. Note also that the
r= rank([G3]) nonzero singular values of [G%] and [GY]T are the same. That is,

the singular values of [G4]T[G}] are the same as [G3][Gy)*.
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Also for the given bound of the input velocities, another interpretation

can be made. Let
6P =6 <1 (4-8.108)

The bound of the output velocities could be found using equation (4-8.102)
&7 - = WT(GYGY) M a < 1. (4-8.109)

This equation represents the ellipsoid (called manipulability ellipsoid[105] or
velocity ellipsoid[17]), and the geometrical shapes of this ellipsoid provide the
velocity bound between input and output;that is, the inverse of the square roots
of the eigenvalues of ([G4][G4]T)™! represents the principal axes of the ellipsoid.
This ellipsoid can indicate the transmission characteristics of a manipulator at a
specific configuration. By examining the inverse of the square root of the max-
imum/minimum eigenvalues of the matrix(i.e., minimum/maximum radius of
the ellipsoid), ([G4][G3]T)~?, the information on the maximum/minimum trans-
mission ratios between the input and the output velocities could be obtained.
Also the determinant of the matrix can be used to examine transmission
characteristics. The square root of the determinant of the matrix [G3)T[GY)],
which is a product of all singular values of [G}], is proportional to the area of
the ellipsoid. The condition number, which is defined as a ratio of the maximum
eigenvalue to the minimum eigenvalue of a matrix can also be used. The square
root of the condition number of the matrix [G4}T[GY] (or a ratio of the maximum
singular value to the minimum singular value of the matrix [G'}]), represents the
uniformity of the transmission characteristics at the configuration of interest.
Now, let’s consider the torque transmission characteristics. Let 7 and

f represent the input and output torque applied to the system. The procedure
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from the above can be used. Using

T =[Gy f, (4-8.110)

we have
o= fTGYGYT 1. (4-8.111)

Dividing the equation by 7 - f yields

Tt fGHIG S
Ty Y
Then the bound of the above expression can be obtained based on Rayleigh’s

(4-8.112)

principle as below
+T.

A2, < < A2 4-8.113
7—f 7 ( )

By taking inverse of the equation and multiplying 77 - 7, we get

i Ilri?
<IFIP < -

ma:x: min

(4-8.114)

- T

where || - | =" - & are used.

Again, for visual interpretation, we follow a similar procedure as follows.

For the given bound of input torques,
> =777 <1, (4-8.115)
the bound of the output torques could be expressed using equation (4-8.115).
7= fTGYGYTf < 1 (4-8.116)

The above equation represents the ellipsoid (called force ellipsoid[17]). For the
input/output torque transmission bounds, the same analysis for the matrix,

[G4]IG4)T, could be applied. By comparing equation (4-8.109) and (4-8.116),
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dual relations between the velocity and torque transmission characterisitcs can
be seen; that is, the maximum/minimum velocity transmission direction repre-
sents the minimum/maximum torque transmission direction.

In the previous research on the kinematic design of the shoulder, the
square roots of both maximum and minimum eigenvalues of the matrix [G3]7[G}]
for velocity transmission characteristics between input and output (or maximum
and minimum singular value of [G}4]) are thoroughly examined throughout the
workspace of the shoulder system to find the optimal kinematic design param-
eters such as twist angles, and apex angles[68]. Figure 4-6 and 4-7 show the
results from the previous work with the optimal kinematic parameters (i.e.,
ag; = 130°, gy = 90°, @y = 90° and azq = 50°).

The plots containing geometric information of three variables, p1, p2
and pj3, were obtained as follows; 1) for each incremented value of g3, draw
the contour plot of the square root of maximum/minimum eigenvalues for vary-
ing py and pg, 2) then contour plots for each y3 are overlayed onto one plot.
From these plots, the geometric characteristics of the specific shoulder with op-
timal kinematic parameters can be understood before implementing the actual
shoulder system.

However, it should be noted that the above results from the geometric
analyis is conservative since the Euclidean norm used in the above analysis, -1l
does not exactly represent the bound of the actual joint torque and velocity input
even after with appropriate normalization. Rather, the bound of the actual joint

torque and velocity can be represented by the infinite norm, I lloos

|lz|loo = max |zil. (4-8.117)
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4-9 Second order kinematic influence coefficient

With the direct differentiation of the equation (4-6.95) with respect to

time, we obtain

i =[G3 )9, + &, (H} ,.)8, (4-9.118)
where
d. .. T,
71Gs.]1 = b [Hy ;] (4-9.119)
and
u _ 0'u
[H,p,)iii = W (4-9.120)

The explicit form or its direct computation of the desired second-order kine-
matic influence coefficient, [H, $.0.)s Via the above definition, is very difficult and
complicated. However, one explicit form of both the first-order and second-order
KIC’s of the shoulder system can be found without difficulty. That is, [G%+] in
explicit form is first obtained, then by direct differentiation of the [G},] with
respect to time, [H2] could be obtained. That is,

o = [G*)it + 0T [H? 4 (4-9.121)

where

j—t[Gﬁa] = ul[H?]. (4-9.122)

Once they are obtained, by direct application of the transfer of coordinates
methods which are presented in detail in Appendix A, the desired KIC’s with
respect to specified input variables could be obtained. Also the procedures of
finding the dynamic medel of the parallel system are provided in Appendix A.
A more detailed derivation can be found in [32]. The detailed derivations for the

dynamic model of the shoulder system are not included for purposes of brevity.



CHAPTER 5

Control Technology for a Force-reflecting Spherical 3-dof Manual

Controller

To design a portable, universal force-reflecting manual controller, light
and compact components are necessary requirements. However, currently avail-
able motor torque-to-weight ratios are not sufficient for that purpose and in
any case, the cost of these specialized motors is very high. Hydraulic or pneu-
matic systems can provide very high transmission ratios but their maintenance
problems (i.e. working fluid leakages) are major disadvantages. A cable driven
system is light and has good transmission ratios. However, its low mechanical
stiffness, low bandwidth, the requirement of more actuators than the desired
dofs of the system, difficulty in maintenance and calibration, etc., are undesir-
able. Direct drive motors have an improved torque-to-weight ratio but still their
direct use in a light-weight portable manual controller is not adequate in terms
of the required torque-to-weight ratios.

In this chapter, implementation of an actual universal force-reflecting
manual controller employing high gear-ratio reducers and its corresponding con-
trol strategies are discussed. The 3-dof manual controller has parallel geometry.
The parallel structure allows all three actuators to be located on the base plate

of the shoulder. Thus the effect of the inertial and gravitational forces of the sys-
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tem is minimized. With high gear-ratio reducers, the effective motor armature
inertia and friction on the system are increased and they are directly related to
the gear ratio used. The increased inertia and friction is reduced or compen-
sated by utilizing force feedback. That is, the manual controller is electronically
backdriven.

It has been shown in the literature that force control can exhibit unsta-
ble characteristics (i.e, dynamic instability) when the system interacts with the
environment(4)[5][24][25]. For the force-controlled manual controller, the human
arm (as the environment) interacts with the manual controller. The closed loop
system is required to be stable for those varying human arm characteristics.!
Since the human hand’: grip of the manual controller can be characterized as
a “soft contact”, relatively higher force feedback gain can be applied without
causing an unstable response by the system. This high force feedback gain
in a force-controlled manual controller in combination with proper gear-ratio
reducer-motor combination leads us to the design of a compact and portable
manual controller.

A simple single-dof actuator system consisting of the harmonic drive
reducer and servo-disk motor is described and its simplified linear model is
derived first. Through the analysis of the linear system model, the effects of
systemn components such as the stiffness of the gear train, the sensor stiffness,
the human arm impedance, and the allowable range of force feedback gain are
discussed. Force control using either wrist sensing (digital) or joint sensing

(analog) is applied to an actual one-dof system. The one-dof system uses one

'For an average adult male, the inertia of the forearm about the elbow is estimated around
Jh=0.06N —m — sec?=8.4 oz —in — sec?, the range of stiffness is 1. < K < 200 N — m/rad,
or 140 < K, < 280000z —in/rad and the range of the damping ratio is 0.15 < {4 < 1.5, where
the damping contant can be obtained by By = Ja(2{n+/Kn/Jn){1].
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of the three joint actuator sub-system in the 3-dof shoulder system. Then,
the implementation of the parallel universal/bilateral, spherical 3-dof manual
controller system and its hardware/software interfaces are presented. In actual
implementation, the optimal kinematic parameters of the shoulder as given in
Table 5-3 are used. The minimum required kinematic equations of the system

for the force-reflecting manual controller application are also presented in this

Chapter.

5-1 Analysis of the one-dof system force control

In most kinematic and dynamic analyses, systems are assumed to have
ideal characteristics. That is, backlash, friction, nonlinear/unmodeled dynamic
effects, cogging, etc. in the system are neglected. However, in practice, those

effects become significant unless caution is taken in the design and control of

the system.

Fu < v,
WY
o] o 15
. U

s

Figure 5-1 LINEAR SECOND ORDER SYSTEM WITH COULOMB FRICTION

Now, consider a linear second-order system with Coulomb friction as

shown in Figure (5-1). The dynamic equation representing the system can be
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written as
Ma'i:+B:'c+K:c:’cyN=Fm-{—F}1 (5-1.1)

where M, B, K represents the mass, damping constant, and stiffness of the
system, respectively, and F,,, and F, represents the external force applied to

the system and the controlled input force, respectively. When the control law,
Fo =KjFeoy — K,z — Kz, (5-1.2)

is applied to the above system, the closed loop system can be represented as

M . B+K,. K+K, _ uN
+ =
K+l K TR R T

From this equation, it can be seen that the velocity and position feedback modify

Fiz. (5-1.3)

the damping and stiffness of the system only. However, the force feedback mod-
ifies not only all the effective system parameters (scaling of the mass, damping
constant, and stiffness of the system) but also the disturbances(i.e., coulomb
friction). That is, the force feedback rejects disturbances both from the un-
modeled dynamics and {rom uncertainties associated with the task. This force
feedback control is applied to the manual controller to reduce the inertia and
friction on the system from the high gear-ratio transmission system.

In this section, through a one-dof system analysis and its implemen-
tation, the problems associated with the force control strategies in the manual
controller applications are examined. In particular, the following aspects are

considered:

¢ The effect of human hand grip of the system, noting that the characteris-

tics (impedance) of the human arm can vary.

o The effect of the force feedback gain, which is essentially high gain position

feedback, and its allowable range without causing instability to the system.
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e The compensation for non-linear friction.

o The effect of elasticity in the drive train.

5-1.1 Description of the one-dof system

The one-dof system shown in Figure 5-2 consists of a 12” link and an
integrated actuator, which includes a servo-disk motor, an optical incremental
encoder, an analog tachometer, and a harmonic drive reducer with 60:1 gear
ratio. For force sensing, a 6-dof wrist force/torque sensor is mounted at the
handgrip, and a torque strain gauge is attached on the output shaft of the
harmonic drive reducer. The one-dof system is driven by a PWM amplifier in

the current mode and controlled by uVAX II computer.

|
' link I'ﬂ
l a F/T sensor

Handle

Torque strain gauge

——— Harmonic drive reducer

Servo-disk motor

Tachomenter

LrI

| \ incremental encoder

Figure 5-2 SCHEMATIC OF A ONE-DOF SYSTEM

Harmonic drive gear reducers have very attractive features over the
other transmission systems such as low backlash, compactness, and high torque-

to-weight transmission ratio. However, the low stiffness of the system is regarded
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as its main disadvantage. In the actual harmonic drive system, in addition to
the expected static friction, the large magnitudes of cogging forces are felt in the
backdrive mode (i.e., the use of the harmonic drive system as a speed increaser)
and measured as shown in Figure 5-3. They are believed to arise from non-ideal

gear contacts and misalignments of the wave generator. This nonlinear friction

forcellb)

.21
o7 M

.80 ' i

.67
.53
.39
.26
12
.01

2 89 9 9 888y —

i
(]

.00 53.68

Joint andleldes)

Figure 5—3 STATIC AND VARYING FRICTION OF THE HARMONIC DRIVE SYSTEM IN BACK
DRIVE MODE

is very difficult to compensate for. For the one-dof system implementation, the
unit with the least magnitude of nonlinear varying friction out of three actuator
systems is used to study the effect of the nonlinear varying friction.

In the next section, the amplifier-in-current-mode is briefly discussed.
A design of a low-pass filter is then described. And finally, a simplified linear

model and its analysis of the one-dof system are presented.
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5-1.2 Amplifier-in-current-mode system model

The schematics of a torque controlled system can be represented as
in Figure 5-4. Its equivalent block diagram is shown in Figure 5-5. A trans-
fer function between input command voltage and the current applied to the

armature of the motor can be obtained as

I, A
Vi L.s+R.+ AR,

(5-1.4)

and a transfer function between back-emf voltage (regarded as a disturbance
in current mode) and the current applied to the armature of the motor can be

written as
I, _ 1
‘/emj B La's + Ra + ARo

(5-1.5)

where
s:Laplace variable,
I, : current applied to the armature of the motor,
Vi : command input voltage signal,
Vemy @ back emf. voltage,
A : voltage amplifier gain,
L, : armature inductance,
R, : armature resistance.

R,: sensing registance

In the above equations, it is assumed that the mechanical time constant
is sufficiently larger th-n the electrical time constant so that the effect of the
mechanical system dynamics to the electrical system is negligible. Since the gain
of the voltage amplifier (operational amplifier gain A) is very large, the effect

of back-emf voltage to the armature current becomes negligible as can be seen
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Amplifier

Figure 5-5 EQUIVALENT CURRENT AMPLIFIER
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from equation (5-1.5). The amplier-in-current-mode can be approximated as a

pure voltage-to-current converter with gain, K;= 1 /R,. That is,

1,

2~ K. -1
5K (5-1.6)

Note that as the current feedback gain, R,, becomes zero, the above system

becomes a voltage amplifier.

5-1.3 Digital filter design

The general digital filter in the z transform domain can be expressed

as

z e ayz”
H(z) = - )=Z —— (5-1.7)
or
m L
Yn = Zakl‘n-k - Z bkYn—k (5-1.8)
k=0 k=1
where y, and r, represent current state and output of the system, respectively,
and the subscript n — k represents the kth previous state or output.

In the design of the filter for both the shoulder system and one-dof

system, the first order Butterworth analog model is used
H(s) = —— (5-1.9)

where w, is a desired cutoff frequency in the analog model. For the low pass

filter, using the following bilinear transformation

z—1
z+1

(5-1.10)

the cutoff frequency, w,, in actual digital filter design can be found as follows.

Substituting s = jw, and z = ¢/*T into the above bilinear transform equation
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yields
: e T —1  jsin(w.T/2) . w T
J¥e = T 11 cos(w.T/2) j tan( 2 ) (5-1.11)
or
w, = tan(x f,T). (5-1.12)

Where T represents the sampling period and f, represents the desired cutoff

frequency, %. By applying the above bilinear transform into the first order

Butterworth model equation, we get

-1
Wq ﬂ—_}_ _Eﬂ_z

H(z) = = lhwe e (5-1.13)
waet T LT
or
Wa n W, w, — 1 (5-1.14)
n = T Tr_1 — ne1- -1.
v 14w, 7 14w, n-l 1+way !

5-1.4 A one-dof system model and its analysis

The schematics of a one-dof system is given in Figure 5-2 and its sim-
plified linear model is shown in Figure 5-6. Note that a similar model is used
in [24][25] to examine the stability issue on force control. In Figure 5-6, it is
assumed that a human hand continuously holds the manual controller during
its operation. In this model, the harmonic drive system is represented as a
linear spring and damper, the inertia of the motor and wave generator of the
harmonic drive system is lumped together, and human arm’s characteristics are
represented as a linear second order system(77]. The inertia of both the arma-
ture and the wave generator, and the viscous damping constant for the actuator
system are represented by Ju, and B, respectively. The damping and the stiff-
ness of the gear train are represented by B; and K,. The relative damping

between the actuator and the link is denoted as B,. Note that both the stiffness
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of the shaft and the structual flexibility of the link are included in K. The com-
bined inertia of the link, of the force sensor, and of the handgrip are denoted by
Ji. The damping and spring constants of the sensor are represented by B, and
K,. The inertia, damping constant, and spring constant representing the human
arm’s characteristics are denoted by Ji, By, and K}, respectively. And 7, 8,,

and z, denote the applied actuator torque, the joint angular displacement, and

the hand displacement, respectively.

NOWNNN
i

Figure 5-6 SIMPLIFIED LINEAR MODEL OF A ONE-DOF SYSTEM

Each parameter is converted in its equivalent form with respect to its
joint angular displacements as shown in Figure 5-6. That is,
b4
}—V-,

g = =t (5-1.15)

» L]
7. = N1, 0, = R

and

J: = N%J,, B} = N*B,, K} = N*K,, B = I’B,, J; = Ji, B, = By, K; = Ky,
(5-1.16)
where N and [ represent the physical gear ratio and link length. The dynamic

equation of the simplified system can be obtained as below

= Ji6:+4 Bi0: 4 K, (67 - 6,) + By(6; — 0,) (5-1.17)
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0 = Jpb, — K,(0; —6,) — B,(02 - 6,) + K:(6, — 6)
+B;(6, — 6;) + B34, (5-1.18)
0 = Jif; + Bif; + K;6; — K:(6, — 6}) ~ B3(6, — 63). (5-1.19)

From the above equations, the following open loop transfer functions can be

obtained.
38 _ 1}’)4((:))’ (5-1.20)
fg _ fz_eéss)_), (5-1.21)
f"ﬁii jz\gz((:))’ (5-1.22)
where

Ni(s) = (Jus* +(By+ B} + B})s + K, + K;)(J;s* + (B; + B})s + K= + K})

—~(Brs + K*)?, (5-1.23)
Ny(s) = (J;s’+(B; + B;)s+ K; + K;)(B,s + K,), (5-1.24)
Ny(s) = (Bgs+ K,)(Bis+ K}, (5-1.25)

D(s) = (J;s*+(By+ B; + B:)s + K,)(J;s* + (B, + B3)s + K, + K7)
(Jas®+ (B; + By)s + K; + K})
—(Jis® + (B; + Bj)s + K; + K;)(Bys + K,)?
—(J3s* + (B: + B,)s + Kg)(B:s + K*). (5-1.26)
When the simple proportional force control law as below is applied to the system,
7. = K¢(t] —70), (5-1.27)
the contact force measured from a force sensor can be written by

8, 6;
e = K0, - 6;) = Kin3(= — =%

a

). (5-1.28)

E
Ta



92

Note that motion characteristics of the manual controller employing the above
proportional force control law can be expressed as below by inserting equation

(5-1.27) into (5-1.20)-(5-1.22) as below,

Gls) o Nils) ]
7o @ D) 51:29)
0s) . Mafs) )
HE 7w D) (5130
Bils)  _ . Mals) )
HE - @ D) (5131

Now, by letting 77 = 0 in equation (5-1.27) and using (5-1.21), (5-1.22), and
(5-1.28), the open loop transfer function of the system between the applied

desired torque and the output contact torque, T,, can be obtained as below,

T,(s) = ;d—% = K;K;(fi((z)) - f"g) (5-1.32)

The closed loop system characteristics for the different values of force control
gain, Ky, can be investigated by examining the root locus plot of the above
open loop transfer function. The general characteristic of the root locus plot for
the current one-dof system model can be represented as shown in Figure 5-7
(adapted from [24]). Frem the figure, it can be seen that as force feedback gain
increases, the system becomes less stable (i.e., when feedback gain is larger than
the critical gain value at the crossing point on the imaginary axis).

The shape of the root locus plot depends on the various system com-
ponent parameters: that is, actuator, gear train, sensor and task dynamics (i.e.,
human arm parameters associated with manual controller applications). The
range of force feedback gain that does not cause instability in the system, is of
interest in this analysis while maintaining desired system bandwidth in manual

controller applications (5 Hz). In the following, the parametric effect of the



93

Table 5-1 SYSTEM PARAMETERS OF THE ONE-DOF SYSTEM

Actuator system
Total actuator system inertia(J,) 0.0038 0z — in — sec*
Motor damping constant(B;) 0.34378 Ib — in/(rad/sec)

- Harmonic drive system |
Gear ratio(N) | 60:1
Tortional spring rate( K,)
(0 - 20 % of rated torque) 23,000 1b— in/radian
(20 - 100% of rated torque) 120,000 b — in/radian
Damping constant(B;) 1.85622 Ib — in/(rad/sec)
F/T 15/50 Sensor Stiffness

xy linear stiffness(K,) 9680. Ib/in
z linear stiffness 30184. Ib/in
Xy rotational stiffness 27234. lIb—in/rad
z rotational stiffness 28790. Ib— in/rad

Human forearm
effective inertia about elbow(J;) 0.525 16— tn — sec?
damping constant(B;}) 21.6 ~ 100.8 b — in — sec/rad
stiffness( K;) 288. ~ 1440 Ib — in/rad
Effective link/sensor/handle inertia(Jy) | 1.0946 b — in — sec’

system components in a force-controlled manual controller are discussed, using
the current system model with the estimated actual system parameters.

In Table 5-1, system parameters for the actual one-dof system are
given.? The combined linear viscous damping constant for both the motor and

the harmonic drive system, B; + Bj;, is estimated to be 2.2 lb — in/(rad/sec).

*For the torsional spring rate of the harmonic drive system, the value K 9= 23000lb—in/rad
is used noting that the applied torque does not exceed 20% of the rated torque of the harmonic
drive system. For the sensor stiffness, K,= 9680/b/in is used noting that the applied torque
is along the local x direction of F/T sensor frame. The effects of the relative damping of the
gear train and the sensor damping is neglected: By = 0. and B, = 0. are used. The length of
human forearm, 12in, is used.
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The estimation is based on the following equation,
Ta = T+ (B; + B;)w,,- (5-1.33)

That is, from the 7, vs. w,, plot, 7. represents intersection point with 7, axis
and (B; + B;) represents the slope, “=%. Where 7, represents the Coulomb
torque, 7, applied torque to the system, and w,, angular velocity at the steady
state. However, in the actual system, the nonlinear components such as Coulomb
friction torque increases the stability bound and a much higher linear viscous
damping constant than the estimated value could be used in the model when
certain conditions of the input or disturbances are met (i.e., the results of the
various kinds of the “describing function” are dependent of the dominant fre-
quency of both input and disturbance and of their magnitudes)[35][93].

Figure 5-8 shows the Bode plot and the phase plot for the open loop
transfer function with unit feedback (i.e., Ky=1) of the current system model.
In that figure, the tight grip status is assumed.®> The gear train dynamics of
this system model shows the resonance around 31 Hz and it is directly related
to the stability of the system. To reduce its effect, the low pass filter is included
in the forward closed path. The open loop transfer function of the system with
the low pass filter is obtained by multiplying 1/(7s + 1) to the original open

loop transfer function given in equation (5-1.32). That is,

iy TUS) g L 04(8)  Ba(s) i
T;(9) = 55 = Kl DG T;(s)). (5-1.34)

The following analysis is based on the low pass filtered system model. The cutoff

frequency of the low pass filter, 5 Hz, is used.*

3For simplicity, human arm impedances are roughly distinguished as soft grip and tight grip.
The soft grip represents 30% of the tight grip. The tight grip in this analysis is characterized
roughly as B}, = 100.lb — in — sec/rad and K = 1440lb — in/rad(1].

4see the section 5-1.6.
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From the Bode plot and the phase plot of the system in Figure 5-9,
it can be seen that effects of the resonance is reduced to increase the stability
margin of the system (i.e., positive gain margin and positive phase margin).
The bandwidth of the system is inevitably decreased. In manual controller
applications, however, the desired bandwidth (5 Hz [14]) is relatively small and
the use of the low pass filter is acceptable.

To investigate the effects of the flexibility of the gear train, the sensor,
and of human dynamics in force-controlled manual controller applications, pa-
rameters are varied about the estimated system parameters in Table 5-1. First,
the human arm characterisitcs are varied. From Figures 5-9 and 5-10, it can be
seen that a stiffer human arm tends to produce larger positive gain margins of
the system than softer human arm. As a result, slightly higher force feedback
gain can be applied to the system but their differences are quite small. How-
ever, as the stiffness of the human arm is increased further (as with a stiff wall
contacts which occurs in robotic applications), the stability margin is reduced
as shown in Figure 5-11. This implies that in manual controller applications of
force control, a much wider range force feedback gain can be applied to obtain
the desired system performance (i.e., “power steering” effect).

For simplicity, only the tight grip condition is considered in the follow-
ing discussion. As shown in Figure 5-9, the sensor dynamics are relatively fast
with current model parameters and its effects are almost negligible. When a
soft sensor is used, which has much slower dynamics than the gear train dynam-
ics, the system bandwidth is decreased and results in undesirable dynamics as
shown in Figure 5-12; where the gain margin and phase margin are reduced.
However, it can be seen in Figure 5-13 that as the gear train stiffness increases,

the system becomes more stable and that this increased stiffness of the gear
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MODEL (ADAPTED FROM [24]).
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train represents the most important system parameters.

In the above analysis, the form of the characteristic equation of the
open loop transfer function is assumed to be fixed. However, it can be noted
that by using inner velocity and position feedback at a faster sampling rate than
that for the force feedback, the effective system characteristics can be varied.
The poles of the open loop transfer function of the system can be moved to the
desired locations if desired.

In the following, actual experimental results for the one-dof system are

discussed. In the experiment, the following aspects are investigated;
o Friction and inertia compensation.

e Force control performance in manual controller application (electronic

backdrivability or “power steering”).

5-1.5 Friction compensation

In the design of manual controllers, the magnitude of the friction, espe-
cially Coulomb friction, is an important characteristic to consider. The magni-
tude of Coulomb friction is directly related to the thresholds for the operator’s
command forces and to the magnitude of the reflecting forces. To reduce the
relative magnitude of friction in the system, dither signals of various ranges of
frequency are applied, but these cause very uncomfortable chattering for the
operator who holds the system. The dither signal is not considered further in
this study and regarded as inappropriate for the manual controller application.

Direct force feedback using force sensing via wrist force sensing (digital)
has been studied for friction compensation. This scheme is shown to be very

effective by reducing the magnitude of Coulomb friction down to an average
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Figure 5-13 THE BODE AND PHASE PLOT OF A LOW PASS FILTERED SYSTEM MODEL WITH
STIFF GEAR TRAIN

of 0.25/b; from an average of 1.0lb; at the handgrip of the one-dof system as
shown in Figures 5-3 and 5-14. This excellent performance due to friction com-

pensation also justifies force control implementation to the manual controller.

However, the harmonic drive system in back drive mode shows a vary-
ing nonlinear friction in addition to the Coulomb friction. The magnitude of
the varying nonlinear friction depends on the specific drive unit. This vary-
ing nonlinear friction could confuse the operator’s feel and reduce the level of
telepresense drastically. Observing that the varying nonlinear friction of the
harmonic drive system has a position-dependent characteristic, direct friction

compensation based on the position-related friction model as given below can
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Figure 5-14 STATIC AND VARYING FRICTION OF THE HARMONIC DRIVE SYSTEM IN THE
BACK DRIVE MODE AFTER COMPENSATION
be applied,

2r

the number of teeth of the flezspline
of the harmonic drive system

Teomp = Asin({ } +v)  (5-1.35)
where 1 is adjusted to match the phases of the compensating torque to the actual
friction. However, it turns out to be ineffective due mainly to the unmodeled
elasticity of the flexspline of the harmonic drive system.

In an effort to achieve a better friction/inertia compensation, another
force feedback control method using an analog torque inner loop has been imple-
mented. This feedback control scheme uses an analog signal directly measured
from the strain gauge attached on the output shaft of the harmonic drive sys-
tem. The measured signal is directly fed back to the current amplifier to drive
the motor as shown in Figure 5-15. When the structural flexibilities of the link

between the wrist sensor and the joint torque sensor (i.e., strain gauge in this
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case) is negligible, this local force feedback is basically the same as the wrist
sensed force feedback except it is an analog signal which reduces the digital
effects (i.e., sampling time delay). As expected, noting that the digital control
loop sampling frequency is relatively high at 210 Hz and the link of the one-dof
system is very rigid; the two responses of the digital and analog force feedback
control schemes showed no significant difference, in terms of the friction/inertia
compensation.

The compensat.on of varying nonlinear friction showed no improvement
with the above methods. It would be costly in terms of higher quality compo-
nents and the development of sophisticated control schemes (i.e., adaptive filter,

etc.) to obtain better compensation for the nonlinear friction.

5-1.6 Force control implementation on a one-dof system

The force control is applied to the actual one-dof system. In the ac-
tual system, high frequency noises are observed as shown in Figure 5-3 and
5-14. These are believed to come from either the nonideal gear contact or the
force/torque sensor. To find the proper cutoff frequency of the first-order low-
pass filter of the wrist sensor, various magnitudes of external forces and various
cutoff frequency low-pass filters are applied to the system. Through extensive
trial and error searches and noting that the desired manual controller bandwidth
is more than 5 Hz, the 5 Hz cutoff frequency is selected to be most appropriate
for the system.

For finger contact with the manual controller, no serious noise from
the F/T sensor is observed. However, the dynamic noise measured by the F/T
sensor becomes significant when actuator command forces and/or operator’s

command forces are applied. With the use of the 5 Hz low-pass filter the F/T
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sensor noise was reduced significantly.

Note, however, that the magnitude of human arm jittering becomes
more significant as the human hand grips the handle of the manual controller
more tightly as shown in Figure 5-16. These undesired jittering force inputs to
the force-controlled manual controller need to be filtered out.

As can be seen in the previous analysis of the simplified one-dof model,
the system tends to be stabilized with a low-pass filter of lower cutoff frequency
(below 3 Hz). The higher force feedback gain can be applied without causing
the instability of the sysiem but its response is too sluggish for the operator due
to the reduced bandwidth of the system. Also the performance of friction com-
pensation becomes ineffective. As the cutoff frequency of the filter is increased,
the stable margin of the system is decreased, which results in a feasible force
feedback gain that is relatively low.

The experimental observations are summarized as below.

1. Without the use of the low pass filter in the closed loop system, the system
shows instability for very low force feedback gain. This is mainly due to

the dynamics (i.e., flexibility) of the harmonic drive system.

2. The cutoff frequency of the first-order low pass filter(5 Hz) is selected
based on the system component limitations such as human arm jittering,

sensor noise, resonance of the system, required system bandwidth, etc.

3. When a low pass filter with relatively higher cutoff frequency is placed
in the closed control system, the system becomes unstable with relatively

lower force feedback gain.

4. Tighter grip of the human hand introduces undesired human jittering into
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the system as shown in Figure 5-16.

5. Fairly large force feedback gain (K; = 3) can be applied to the system
with the low-pass filter with 5Hz cutoff frequency. The apparent iner-
tia/friction of the system can be reduced by 1/(K;+1) times of the actual

system inertia/friction by using the following control law;
T, =Tes + Kfl(Frop — Fop) (5-1.36)

where
T, : actuating control torque,
T.es : desired reflecting torque, IF,.;,
Fies : desired reflecting force at handgrip,
Fop : human command force at handgrip,
K, : force feedback gain,
[ : link length.

5-1.7 Discussion of the one-dof system experiment

From the anlaysis and implementation of the one-dof manual controller,
the performance of force control applied to the manual controller will now be
discussed. The manual controller which uses the high gear-ratio reducer results
in a design that is compact and portable. In this particular one-dof system, the
stable response of the force-controlled system can be obtained with the force
feedback gain up to Ky = 3. This implies the reduction of the inertia and friction
of the system by 1/(K; + 1) times. Also, the effects of the system components
are discussed using the results of the simplified one-dof system where actual

estimated values of system parameters are applied.
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Figure 5-16 EXAMPLE OF A HUMAN OPERATOR JITTERING WITH SOFT AND HARD GRIP

In addition to the simple proportional force control law and the first-
order low pass filter, various control schemes can be applied: PI control, PD
control, PID control, lead/lag compensation, etc. However, due to the use of the
high gear-ratio reducer the magnitude of the stiction is fairly large. Thus, any
integral control law may not be suitable since it may introduce limit cycles[[93]].
Also, the integral control tends to destabilize the system by adding a pole at
the origin and is not considered.

When the gear train dynamics are negligible, the PD control and lead
compensator could be used to increase the system bandwidth further. Also,
as mentioned earlier, by applying proper position and velocity feedbacks, the
poles of the open loop transfer function can be moved to the desired locations.
And much higher force feedback gain could be applied to the system to reduce
the magnitude of both friction and inertia of the system, while maintaining the

desired bandwidth of the system. These suggestions require further study.
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5-2 Integration of the shoulder system

The main design goal for this system development is an implementa-
tion of a compact and portable universal force-reflecting 3-dof manual controller
system with large dextrous working volume and with a somewhat improved
reflecting-force capability. The implemented parallel 3-dof shoulder sysl:.em con-
sists of the shoulder hardware, actuators, a shoulder mounting frame, a 6-dof
F/T sensor, and a handgrip as shown in Figure 5-17. The manual controller is
capable of reflecting 50 Ib; — in torques about the common intersection point. ®

To provide the capability of adjusting the impedance of the system, each
actuated joint contains a servo-disk motor integrated with incremental optical
encoder and analog tachometer for measuring angular position and velocity. A
6-dof wrist force/torque sensor (Lord F/T 15/50) is mounted at the handgrip
(upper ternary) of the system to measure applied human arm command forces.
Note that with appropriate sensory feedback, the effective system characteristics
could be adjusted to achieve the desired optimal characteristics of the manual
controller for varying task characteristics.

To achieve the desired design criteria in this implementation (such as
higher torque-to-weight ratio and torque-to-size ratio), each actuator is inte-
grated with a harmonic drive system with a 60 : 1 gear-ratio. Each actuator
unit is interfaced with the pulse-width-modulated (PWM) amplifier which is
set in the current mode so that the current output proportional to the given
voltage signal could be produced. The command voltage signal comes either

from the computer via a D/A converter (digital-to-analog converter) or from

0r, with respect to the handgrip of the manual controller, 10 Ib; —in forces along tangential
direction of the sphere of 5” radius, and 50 lb; —in torque about the normal axis to the sphere,
when the handgrip is located 5” from the common intersection point.
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Figure 5-17 THE IMPLEMENTED SHOULDER SYSTEM
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strain gauges directly (analog inner torque loop). The sampling period for the
force controlled 3-dof manual controller system using a F/T sensor in uVAX II
computer was about 45 Hz.

The hardware interface diagram of the shoulder system is represented in
Figure 5-18. In the following, hardware design, transducers and thei